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Part One:  
General Introduction 
 
 
 
“It’s a dangerous business, Frodo, going out your door,” he used to say. “You step into the Road, 
and if you don’t keep your feet, there is no knowing where you might be swept off to.” 
– Frodo Baggins quoting Bilbo Baggins. The Fellowship of the Ring. 
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1.1: World Population Ageing 
People are living longer than ever before, and this trend is only going to continue in the 
future (Kinsella et al., 2000, Lutz et al., 2008). In 2017, the global population over the age 
of 60 years was more than twice what it was in 1980, and by 2050, is due to double again 
(United Nations, 2017). This increase in the number of older adults in the coming years 
will occur in both developed and developing countries. In the USA, the population aged 
over 65 years is predicted to be 83.7 million in 2050, almost double what it was in 2012 
(43.1 million; Ortman et al., 2014). In the UK, more than 70% of the increase in the 
population between 2014 and 2039 is predicted to be in the over 60 years age group 
(Harper and Walport, 2016). Across the European Union, similar projections have also 
been predicted (Guerin et al., 2015). The numbers of older adults in developing regions of 
the world are also growing and are predicted to continue to grow faster than in developed 
countries (United Nations, 2017). By 2050, almost 50% of the world’s population will live 
in countries with at least 20% of their populations aged 60 years or older, and 25% of 
people will live in a country where people of 60 years make up more than 30% of the 
population. As a result, global ageing presents significant challenges for health, long term 
care and welfare systems (Kinsella et al., 2000, Lutz et al., 2008, Rechel et al., 2013, 
Harper and Walport, 2016, United Nations, 2017). 
 
1.2: Consequences of Falls among Older Adults 
As early as the 1950’s and 1960’s, falls were already examined and discussed in the 
scientific and medical literature as a common health risk to older adults (Howell, 1958, 
Fine, 1959, Sheldon, 1960). A fall is commonly defined as “…an unexpected event in which 
the participants come to rest on the ground, floor, or lower level.” (Lamb et al., 2005). Ageing 
is significantly associated with increasing fall risk (Talbot et al., 2005, Deandrea et al., 
2010, Schumacher et al., 2014, Kwan et al., 2016). Due to global population ageing, there 
is increasing concern about falls and their consequences, in both developed and developing 
countries (Kalula et al., 2011, Stewart Williams et al., 2015).  
Falls represent one of the most common causes of injury among older adults 
(Ghodsi et al., 2003, Xu and Drew, 2016) and can significantly impair mobility and quality 
of life for long periods of time following the fall (Grisso et al., 1992, Kosorok et al., 1992, 
Chu et al., 2006, Hartholt et al., 2011). The risk of injury requiring hospital admission 
following a fall also significantly rises with increasing age within older adults (Sattin et 
al., 1990, Malmivaara et al., 1993), with one study reporting 44% of accident and 
emergency admissions in older adults being the result of a fall (Davies and Kenny, 1996). 
There is also a risk of mortality due to injuries sustained from a fall (Sattin et al., 1990, 
Malmivaara et al., 1993, Terroso et al., 2013). For example, in Scotland from 2010-2011, 
46,816 people visited hospital due to a fall and 16,549 of those people were admitted (Craig 
et al., 2013). Of these 16,549 people admitted to hospital, 7% died during the hospital stay 
and an additional 5% died over the following 12 months (Craig et al., 2013).   
Concerningly, the number of fall-related injuries has been rising in recent years. 
For example, fall-related injuries increased from 2005-2013 in Canada (Do et al., 2015), 
and from 2008-2013 in South Korea (Hong et al., 2016). Hospital admission rates as a 
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result of fall-related injuries rose in the Netherlands from 1981-2008 and in the USA from 
2001-2012 (Hartholt et al., 2010, Orces and Alamgir, 2014). In Finland, more cervical 
spine, spinal cord and head injuries due to falls occurred over time (Kannus et al., 2000, 
Kannus et al., 2007a, Kannus et al., 2007b). As well as the mounting number of injuries 
due to falls, fall-related deaths increased by 31% between 2007 and 2016 in the USA 
(Burns and Kakara, 2018). The most recent analysis in the Netherlands found that from 
1997 to 2016, absolute numbers of emergency department visits, hospital admissions and 
deaths related to falls grew by 48%, 59%, and 267%, respectively (Olij et al., 2019).  
These injuries and hospital admissions also come with a huge financial burden 
(Stevens et al., 2006, Burns et al., 2016). In the Netherlands, between 2003-2007, falls led 
to a total estimated healthcare cost of €474.4 million (Hartholt et al., 2011), which was 
exceeded by a later estimate of €675.4 million annually from 2007-2009 (Hartholt et al., 
2012). In the USA, non-fatal and fatal falls cost $23.3 billion annually and $1.6 billion in 
the UK (2008 prices; Davis et al., 2010). The estimated cost per fall has been estimated at 
€9,370 in the Netherlands (Hartholt et al., 2012) and between $4,291 and $4,642 in 
Australia (Hall and Hendrie, 2003). In Scotland and the USA, respectively, cost per fall 
has been estimated to be over £1,720 and $3,476, and to over £8,600 and $10,749 per 
injurious fall needing medical assistance (Davis et al., 2010, Craig et al., 2013). For falls 
requiring hospital admission, the estimated costs were £39,490 (hip fractures) or £21,960 
(other injuries), and $26,483 in Scotland and the USA, respectively (Davis et al., 2010, 
Craig et al., 2013).  
In summary, falls represent a major burden to our ageing populations. This burden 
includes injuries and reductions in quality of life to the individuals experiencing the fall, 
as well as societal and financial costs related to the care for individuals who have 
experienced falls, and these seem to be increasing over time with our ever-expanding 
ageing populations. 
 
1.3: Incidence of Falls among Older Adults 
Falls are a persistent problem in older populations and have been for some time. In order 
to provide an up to date overview, a semi-structured literature search for articles 
investigating falls incidence over one year in older adults was conducted. Studies that 
included at least 100 participants and both males and females were included, to ensure 
relatively reliable and representative data would be included in this overview. Results 
from a Web of Science search with  
TITLE: (falls) AND TOPIC: ((older adults) OR (elderly))  
was used to identify the top 50 cited articles matching these criteria and the following 
PubMed search string  
(prospective[Title/Abstract] AND (falls[Title] OR fall[Title])) AND (older 
adults[Title/Abstract] OR elderly[Title/Abstract] OR aged[Title/Abstract])  
were combined with articles known to the author. Snowball searches using reference lists 
and forward citation searches in PubMed and Web of Science were conducted for each 
article identified from the two searches. Table 1 contains the studies found that 
Part One: General Introduction 
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determined falls incidence retrospectively and Table 2 contains those which prospectively 
monitored falls incidence. Fig. 1 provides an overview of the falls incidence over time 
reported in the included studies. 
In the included studies, a broad range of fall incidences was found, from 13% to 
60.3% in the retrospective studies and from 19.3% to 62.5% in the prospective studies 
(Tables 1 and 2; Fig. 1). As has been previously noted by Lord et al. (2011), participants 
originating in east Asian countries appear to have lower falls incidence than European, 
mainland North American and Australasian participants, with approximate average 
percentages of participants experiencing one or more falls in a 12-month period of 19% for 
retrospective studies in east Asian populations and 29% for European, mainland North 
American and Australasian populations. Retrospective studies in South American 
populations also show an approximate average percentage of 30% and two studies in 
Caribbean populations show approximately 23% of participants experiencing one or more 
falls in a 12-month period. Of the prospective studies, an approximate average percentage 
of 40% of participants experiencing one or more falls was found in European, mainland 
North American and Australasian populations. Additionally, one prospective study in 
China reported 19.3%, one in Japan reported 34.5% and one study in Brazil reported 47.4% 
of older adults experiencing a fall over 12 months. 
Despite the variation across populations in falls incidence and the potential 
differences in falls assessment methodology (Cummings et al., 1988, Rapp et al., 2014, 
Griffin et al., 2019), the incidence rates found are high enough to be concerning and there  
Fig. 1: Summary of the results of the literature search for the percentage of older adults who 
experienced a fall in the previous 12 months (retrospective) or who experienced a fall over 
12 months during the study (prospective), plotted against the year of publication. Note that 
the periods of data collection, when reported, sometimes differ slightly and these data can be 
found in Tables 1 and 2. 
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is not an obvious trend to suggest any major changes in falls incidence over the last 45 
years. Combined with the increasing incidence in fall-related injuries discussed above, this 
suggests that despite the knowledge gained over this period and the proliferation and 
awareness of research into falls, interventions to reduce falls among older adults are not 
effective enough to have a meaningful influence on daily life falls or are not accessible to 
a large enough percentage of older adults to have a meaningful impact on population level 
falls statistics, or both. The research described in this dissertation relates to the first 
possibility; that interventions conducted in the past may not have been effective enough 
to have the most positive effect on falls incidence possible. The first step to evaluate this 
possibility is to look at the situations that lead to falls in older adults, in attempt to 
determine what factors might serve as appropriate targets for intervention. 
 
1.4: Common Causes of Falls among Older Adults 
It has been consistently reported that, among older adults as well as middle-aged and 
younger adults, walking is the most common activity preceding falls (Berg et al., 1997, 
Hill et al., 1999, Niino et al., 2000, Talbot et al., 2005, Li et al., 2006, Muir et al., 2008, 
Kelsey et al., 2012, Robinovitch et al., 2013, van Schooten et al., 2018, Yang et al., 2018b), 
and the association between walking and falls has been recognised for some time (Howell, 
1958, Sheldon, 1960, Azar and Lawton, 1964). Consequently, it is unsurprising that 
walking often precedes falls that have led to injuries requiring admittance to accident and 
emergency departments (Fothergill et al., 1995). Timsina et al. (2017) reported that of 
4,135 fall-related injury reports between 1997–2010, walking was the most common 
activity at the time of the fall for all ages and genders, except young men, who were more 
commonly engaged in vigorous activity at the time of the fall. Falls during walking are 
also related to the risk of sustaining a hip fracture (Aharonoff et al., 1998, Abolhassani et 
al., 2006, Boye et al., 2014). However, while walking commonly precedes falls, it is not the 
act of walking itself that usually causes falls among older adults.  
“Any observer who has watched an older person trying to board a bus which 
is just starting to move, will have noted the slow reflexes and the liability to 
fall which occur as the result of these changes.” Howell (1958) 
As this observation from Howell indicates, people have appreciated for some time that 
external, sudden changes in the immediate environment while ambulating pose a threat 
to older adults. While this was simply Howell’s observation, one of, if not, the earliest 
systematic accounts of causes of falls among older adults supported the observation very 
soon afterwards. Sheldon (1960), who reviewed the causes of 500 falls in 202 older 
individuals (50 years and older), reported stair walking, slipping, tripping and falling over 
unexpected objects to be among the most common causes of falls, alongside poor lighting 
and vertigo. Since then, trips and slips have often been reported to be the most common 
causes of falls among older adults (Tinetti et al., 1988, Lord et al., 1993, Berg et al., 1997, 
Niino et al., 2000, Talbot et al., 2005). Trips and slips have also been reported to be the 
most common causes of falls leading to injuries (Roudsari et al., 2005, Gilasi et al., 2015). 
Part One: General Introduction 
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Table 1. Retrospective studies of falls incidence over 12 months in older adults 
Study Data Collection N Age %Fallers Country 
Prudham and Evans 
(1981) 
1975-1977 2,357 ≥65 years 28% UK 
Overstall et al. (1977) Not stated. Accepted 
1976 
243 60-96 60% UK 
Campbell et al. (1981) Not stated. 
Published 1981 
553 ≥65 years 34.3% New Zealand 
Blake et al. (1988) 1985 1,042 ≥65 years 34.2% UK 
Downton and Andrews 
(1991) 
1986-1988 203 ≥75 years 42.4% UK 
Teno et al. (1990) 1988 586 ≥65 years 21.7% USA 
Yasumura et al. (1994) 1991 807 65-84 years 17.2% Japan 
Chan et al. (1997) 1992-1993 401 ≥60 years 17.2% Singapore 
Aoyagi et al. (1998) 1992-1994 1,054 ≥65 years 14% USA (Japanese-Americans 
living in Hawaii) 
Baumgartner et al. 
(1998) 
1993-1995 808 Mean 73.6 
years 
26.5% USA 
Lord et al. (1994a) Not stated. 1,762 ≥60 years 27.7% Australia 
Aoyagi et al. (1998) 1994 1,534 ≥65 years 14% Japan 
Chu et al. (2005) 1998-1999 1,517 ≥65 years 14.1% China 
Sayer et al. (2006) 1998-2004 2,148 59-73 years 18.4% UK 
Chien and Guo (2014) 1999 3,497 ≥65 years 18.8% Taiwan 
Reyes-Ortiz et al. 
(2005) 
1999-2000 964 ≥60 years 28.5% Argentina 
1999-2000 1,635 ≥60 years 21.6% Barbados 
1999-2000 1,777 ≥60 years 29% Brazil 
1999-2000 1,205 ≥60 years 34% Chile 
1999-2000 1,727 ≥60 years 24.1% Cuba 
1999-2000 1,062 ≥60 years 33.5% Mexico 
1999-2000 1,395 ≥60 years 27% Uruguay 
2000-2001 1,483 ≥71 years 30.8% USA (Mexican-Americans) 
Gill et al. (2005) 2000 2,619 ≥65 years 29.8% Australia 
Mancini et al. (2005) 2002 2,273 ≥65 years 28.6% Italy 
Palumbo et al. (2016) 2002-2003 892 ≥68 years 20.8% Italy 
Halil et al. (2006) 2002-2004 2,322 ≥65 years 28.5% Turkey 
Bekibele and Gureje 
(2010) 
2003-2004 2,096 ≥65 years 23% Nigeria 
Palumbo et al. (2016) 2006 3,303 ≥65 years 22.7% UK 
Kojima et al. (2008) 2006-2007 849 ≥65 years 32.6% Japan 
Almawlawi et al. 
(2011) 
2008 355 ≥60 years 34% Qatar 
Verma et al. (2016) 2008 5,808 ≥65 years 16.3% USA 
Lin et al. (2011) 2008 1,377 ≥65 years 22.7% Taiwan 
Du et al. (2017) 2008-2011 1,833 65-79 20.2% Germany 
Rapp et al. (2014) 2008-2011 1,998 65-80 years 21% Germany 
Orces (2013) 2009 5,227 ≥60 years 37.4% Ecuador 
Bhangu et al. (2017) 2009-2011 3,511 ≥65 years 19.9% Ireland 
Rapp et al. (2014) 2009-2010 1,388 65-90 years 33.1% Germany 
Kalula et al. (2016) 2009-2010 837 ≥65 years 26.4% South Africa 
Cruz et al. (2012) 2010 420 ≥60 years 32.1% Brazil 
Kamel et al. (2013) 2010-2011 340 ≥60 years 60.3% Egypt 
Choi et al. (2014) 2011 43,367 ≥65 years 20.6% South Korea 
Siqueira et al. (2011) Not stated. 6,616 ≥60 years 27.6% Brazil 
Sharma et al. (2017) 2012 561 ≥60 years 13% India 
Kang et al. (2017) 2013-2014 541 ≥60 years 20.9% China 
Vieira et al. (2018) 2014 1,448 ≥60 years 28.1% Brazil 
Bergen et al. (2016) 2014 147,316 ≥65 years 28.7% USA 
Allain et al. (2014) Not stated. 98* ≥60 years 40.8% Malawi 
Kim et al. (2017) 2014-2015 307 ≥65 years 16.9% South Korea 
Wang et al. (2016) Not stated. 
Submitted 2015 
1,092 ≥60 years 18.7% China 
Almegbel et al. (2018) 2016 1,182 ≥60 years 49.9% Saudi Arabia 
Alex et al. (2018) Not stated. 
Submitted 2017 
1,051 ≥65 years 24.5% Malaysia 
*: Lower than the inclusion criteria but included on the basis of the limited number of studies in African countries.  
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Table 2. Prospective studies of falls incidence over 12 months in older adults 
Study Data Collection N Age %Fallers Country 
Tinetti et al. (1988) 1985-1986 336 ≥75 years 32% USA 
O'Loughlin et al. 
(1993) 
1987-1988 409 ≥65 years 29.1% Canada 
Campbell et al. (1990) Not stated. Submitted 1989 761 ≥70 years 35.2% New Zealand 
Luukinen et al. (1994) 1991 1,159 ≥70 years 30% Finland 
Tromp et al. (2001) 1995-1997 1,285 65-89 
years 
33.3% The 
Netherlands 
Chu et al. (2005) 1998-2000 1,517 ≥65 years 19.3% China 
Tiedemann et al. 
(2008) 
1999-2003 362 74-98 
years 
49.4% Australia 
Kario et al. (2001) Not stated. Submitted 2000 266 ≥65 years 22% USA 
Sai et al. (2010) 2002-2004 112 65-85 
years 
62.5% USA 
Callisaya et al. (2014) 2005-2009 409 60-85 
years 
39.3% Australia 
Delbaere et al. (2010) 2006-2007 500 70-90 
years 
43.6% Australia 
Wong et al. (2013) 2008-2010 520 73-92 
years 
45.6% Australia 
Rapp et al. (2014) 2009-2011 1,388 65-90 
years 
34.2% Germany 
Swanenburg et al. 
(2010) 
Not stated. Submitted 2009 270 ≥60 years 50.7% Switzerland 
Mickle et al. (2009) Not stated. Submitted 2009 303 ≥60 years 35.3% Australia 
Yamada and 
Ichihashi (2010) 
Not stated. Submitted 2010 171 ≥65 years 34.5% Japan 
Menant et al. (2012) Not stated. Submitted 2011 195 69-90 
years 
45.1% Australia 
Moreira et al. (2015) Not stated. Submitted 2014 133 ≥65 years 47.4% Brazil 
Crenshaw et al. (2017) Not stated. Submitted 2016 125 ≥65 years 59% USA 
Bizovska et al. (2018) Not stated. Submitted 2017 131 ≥60 years 38.2% Czech Republic 
 
For example, in 2010 in Poland, approximately 70% (31,712) of hospital admissions due to 
falls among older adults were due to a trip or slip-related fall (Buczak-Stec and Gorynski, 
2013). It has also been reported that slips and trips are common causes of fall-related 
injuries in all age groups and genders, with more trip-related injuries occurring in females 
than in males (Timsina et al., 2017). It is also worth noting that differences in the 
circumstances of falls can be found when looking at different populations. For example, in 
long term care settings, walking seems to remain the most common activity prior to falls, 
as in community dwelling older adults, but falls often occur due to incorrect bodyweight 
shifting, rather than as a result of tripping or slipping (Robinovitch et al., 2013, Yang et 
al., 2018b). However, individual differences may also play a role, as more frequent fallers 
appear to fall more during sit-to-stand transfers than during walking, while less frequent 
fallers do appear to fall most often during walking (van Schooten et al., 2018). Taken 
together, the above results generally indicate that mechanical disturbances during 
walking pose a significant threat to older adults in terms of risk of falling.  
 
1.5: Sensing Balance Loss in Old Age 
When considering the ability to cope with sudden, unexpected mechanical disturbances to 
walking, the overall success of the response can be affected by how quickly and accurately 
a threat is perceived and therefore, the sensory systems play a critical role in balance 
Part One: General Introduction 
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recovery performance (Nutt et al., 1993, Sousa et al., 2012, MacKinnon, 2018). This section 
briefly outlines the systems involved and how they are related to ageing and falls. 
If we take the example of a person experiencing forward balance loss due to a trip, 
the proprioceptive system will detect the contact with the object tripping the swing limb, 
as well as departures in limb and joint positions from their expected configurations during 
normal gait. The vestibular system will detect changes in the orientation and acceleration 
of the head in space with respect to gravity as a result in the increased forward 
acceleration and rotation. Finally, the visual system will perceive the change in visual 
surroundings as a result of the sudden diversion in trajectory. These sensory inputs will 
trigger specific reflexes for supporting balance and additionally will be integrated and 
weighted by the central nervous system in order to produce appropriate motor responses 
(Nutt et al., 1993, Nielsen and Sinkjaer, 2002, Sousa et al., 2012, MacKinnon, 2018).  
It is well established that with age, a decline in sensory function occurs (For 
overviews, see: Schultz, 1992, Maki and McIlroy, 1996, Whitney and Morris, 2006, Lord et 
al., 2011, Agrawal et al., 2018, Lord et al., 2018, Paraskevoudi et al., 2018) and many of 
these declines in function have been linked to fall risk. For example, poor vision has been 
associated with an increased risk of falls (Lord et al., 1994a, Jack et al., 1995, Lord et al., 
2011), in particular contrast sensitivity and depth perception (Lord et al., 1994b, Maki and 
McIlroy, 1996, King, 2009). Regarding the proprioceptive system, sensitivity to foot 
position is reduced in old age (Robbins et al., 1995, Ashton-Miller and Alexander, 2009) 
which may affect the ability to perceive mechanical disturbances to the lower limbs. 
Decreased muscle spindle activity and sensitivity of skin and joint receptors (Lord et al., 
1994b, Whitney and Morris, 2006) as well as the presence of peripheral neuropathy and 
reduced foot touch sensation (Lord et al., 1994a, Richardson and Hurvitz, 1995, Lipsitz et 
al., 2018) have been linked to an increased risk of falls in older adults. Finally, there is a 
reduction in vestibular function with age (recently termed and classified as 
“presbyvestibulopathy”; (Agrawal et al., 2018)) and an increased prevalence of vestibular 
disorders with increasing age (For reviews, see: Anson and Jeka, 2015, Iwasaki and 
Yamasoba, 2015, Zalewski, 2015, Arshad and Seemungal, 2016, Ji and Zhai, 2018). 
Asymmetry or reduction in vestibular function has been related to falls history and future 
incidence among older adults (Menant et al., 2012, Ekvall Hansson and Magnusson, 2013, 
Liston et al., 2014, Larsson et al., 2015). Additionally, a previous study of our group found 
that when middle-aged participants with unilateral vestibulopathy were exposed to a 
cable-trip perturbation during treadmill walking, they were significantly less stable and 
required more steps to recover from the first trip compared to age-matched controls 
(McCrum et al., 2014). In Chapter 2.1 of this dissertation, the role of the vestibular 
system in gait is explored further. 
 
1.6: Gait Stability and Adaptability 
The topic of gait stability crosses several fields, both fundamental and applied, including 
neuroscience, motor control and biomechanics, as well as physical therapy, rehabilitation 
and geriatrics. It is therefore unsurprising that the term “gait stability” can mean different 
things,  in  different  contexts,  to  different  people  (the  same  can  be  said  for  the  term  
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Fig. 2: Schematic of human standing and walking, denoting the relative position of the centre 
of mass to the base of support in the sagittal plane. 
 
“balance”; Pollock et al., 2000). Definitions can be based on practical criteria, for example, 
whether a person falls in a certain environment, or they can be based on more specific 
criteria, such as whether or not particular components of a person’s gait pattern are highly 
variable. Furthermore, there are different scientific definitions of a “stable” system. Stable 
could refer to the position of the centre of mass in relation to the base of support, whereby 
mechanical stability is achieved if the projection of the centre of mass to the ground is 
within the area within the base of support in the transverse plane, as is usually the case 
during quiet stance (Fig. 2). In a dynamic situation such as biped walking, the centre of 
mass projection will often be outside of the base of support, meaning that by this definition 
of stability, walking will be categorised as unstable (Winter, 1995; Fig. 2).  
Walking is not static, and several researchers have proposed that the centre of 
mass velocity must also be accounted for in order to assess the dynamic stability of gait 
(Townsend, 1985, Pai and Patton, 1997, Hof et al., 2005; for a historical overview of these 
models, see Bruijn and van Dieën, 2018). Finally, gait stability can also refer to the linear 
or non-linear variability in movement during gait, which do not necessarily relate to the 
previous two definitions, nor to each other (Dingwell et al., 2001, Granata and England, 
2007, Stergiou and Decker, 2011, Perry and Srinivasan, 2017). Given the multiple 
definitions of stability that can be applied to gait, simple and specific terminology are 
critical (Stergiou and Decker, 2011). To this end, clear requirements for what we define as 
“stable gait” can help guide measurement and definition. Here, the three criteria for stable 
gait proposed by Bruijn et al. (2013) are helpful in providing a framework: 
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“…(i) the system has to be able to recover from or limit the small 
perturbations that occur during every stride (e.g. owing to small differences 
in floor height and noise), (ii) the system has to be able to recover from large 
perturbations, which require a change in behaviour, and (iii) the largest 
recoverable perturbation specified by the limits of the system needs to be 
larger than the perturbations encountered.” Bruijn et al. (2013) 
Bruijn and colleagues’ first criterion is most applicable to steady state gait with or without 
small perturbations that would not necessarily require large response behaviours. These 
could include subtle changes in the external environment (e.g. uneven ground), or internal 
perturbations, such as fatigue (i.e. acute internal perturbation) or neuromuscular deficits 
(i.e. chronic internal perturbations) that have small but meaningful effects on ongoing 
gait. In these situations, linear and non-linear measures assessing the quantity and 
structure of the variability in locomotion could provide insight (Bruijn et al., 2013). In the 
second and third criteria, response behaviours to large perturbations to gait are the focus, 
such as recovery actions following tripping or slipping. For these situations, due to the 
acute nature of the events, measures related to the centre of mass and base of support 
relationship (i.e. the mechanical stability of the body configuration) during such responses 
are of most use (Bruijn et al., 2013). One of the most common parameters used to assess 
the stability of the body configuration during dynamic movements such as gait, is the 
margin of stability (Hof et al., 2005, Hof, 2008). Based on an inverted pendulum model of 
human gait, the margin of stability is the horizontal distance between the anterior 
boundary of the base of support (assessed by the centre of pressure under the foot) and the 
extrapolated centre of mass (XCoM) calculated as: 
XCoM = CoM +
VCoM
√
g
L
 
where CoM is the horizontal position of the centre of mass, VCoM is the horizontal velocity 
of the centre of mass and the denominator is the eigenfrequency of the inverted pendulum, 
where g is gravitational acceleration and L is the length of the inverted pendulum. A 
margin of stability of zero represents the configuration at which the swinging inverted 
pendulum would come to a perfect standstill above the centre of pressure (Fig. 3). 
Likewise, a negative margin of stability represents a situation in which the inverted 
pendulum would swing beyond the centre of pressure and a positive value would lead to 
the inverted pendulum not reaching a vertical position (Fig. 3).  
 As one can see in the formula, the walking velocity affects this measure of stability, 
which is an issue discussed in detail in Part Three of this dissertation. In fact, when 
using the centre of pressure at foot contact as the anterior boundary of the base of support, 
self-selected walking speeds lead to negative margin of stability values for the sagittal 
plane, leading some researchers to question the utility of the anteroposterior margin of 
stability as a measure of gait stability (Bruijn et al., 2013). However, for efficient gait, it 
makes sense that the pendulum should fall forward after heel strike, and indeed have 
short  periods  of  instability  (Winter,  1995,  Kuo  et  al.,  2005,  Kuo,  2007).  There  is  a  
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Fig. 3: Schematic illustration of the extrapolated centre of mass concept (Hof et al., 2005). 
Left: The horizontal position of the centre of pressure exceeds that of the extrapolated centre 
of mass (X), leading to a positive margin of stability (MoS) and a return in the swing of the 
pendulum. Centre: The horizontal position of the centre of pressure is exactly at the same as 
that of the extrapolated centre of mass, leading to a MoS of zero and a perfect upright 
standstill of the pendulum. Right: the horizontal position of the extrapolated centre of mass 
exceeds that of the centre of pressure, leading to a negative MoS and a continuing forward 
swing of the pendulum. 
 
distinction to be made here between the stability of the inverted pendulum model at one 
specific time point (heel strike) and gait stability per se. As suggested by Stergiou and 
Decker (2011), researchers should be explicit in their definition of gait stability and should 
be specific with regards to what the parameters they apply actually measure. In the 
context of this dissertation, the margin of stability concept is applied to assess the stability 
of the body configuration, accounting for centre of mass velocity, at specific time points 
(i.e. heel strike) during gait.   
Like gait stability, gait adaptability is a phrase that has been applied in many 
contexts, but most uses typically refer to the ability to alter gait to cope with changes in 
the environment. There is a slight difference between gait stability and gait adaptability 
in the context of gait perturbations, in that stability can be viewed as a desirable outcome 
of the system, whereas adaptability can be viewed as a desirable capacity or property of 
the system, to be able to achieve stability in different environments. It is interesting to 
note that the ability to adapt locomotion to meet environmental demands was proposed as 
an independent criterion of successful locomotion, with equilibrium control as a separate 
criterion by Forssberg (1982) (outlined in Patla, 1991). With this in mind, it is important 
to consider the general mechanisms of balance control during gait and how these might be 
adapted to benefit gait stability. 
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 Hof (2007) outlined three mechanisms of standing balance control, namely, moving 
the centre of pressure under the feet, counter rotation of body segments about the centre 
of mass and applying an external force other than the ground reaction forces (for example, 
by grasping a handrail). Maki and McIlroy (1997) also outlined a number of strategies for 
balance recovery, categorised by the nature of support, rather than mechanical 
characteristics, namely, fixed-support and change-in-support strategies. There is some 
overlap in these balance control categories, as a fixed-support strategy can incorporate 
both centre of pressure changes under the feet and counter rotation of body segments, and 
a change-in-support strategy would incorporate application of an external force other than 
ground reaction forces. In the context of large mechanical perturbations to gait, such as 
slips and trips, a change-in-support strategy involving grasping actions is only possible in 
specific environments, while a change-in-support strategy involving rapid corrective 
stepping, thereby changing the centre of pressure and increasing the base of support, may 
be a more common recovery action, which in itself also includes counter rotations of body 
segments around the centre of mass. All of the above strategies or mechanisms imply a 
reactive control of balance, whereby the recovery actions are performed in direct response 
to balance loss. However, these responses may be modulated over time in both predictive 
and reactive manners (Pavol et al., 2004, Bierbaum et al., 2010, Bierbaum et al., 2011). 
After experiencing a particular form of balance loss, a predictive alteration in gait can be 
made to help the body resist the effects of the perturbation, should it occur again, but a 
reactive alteration can also be made, as the response following the perturbation becomes 
more effective over time. Examinations of these adaptation processes are reported in 
Chapters 2.2, 4.1 and 4.2 of this dissertation.  
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1.7: Aims and Outline of the Dissertation 
Falls among older adults are a common and increasing problem. Falls due to mechanical 
perturbations during walking present a significant threat to the health, mobility and 
wellbeing of older adults. As such, a more detailed understanding of the stability and 
adaptation of gait during such mechanical perturbations may help improve the 
effectiveness of interventions for falls reduction, by identifying specific mechanisms of gait 
adaptation that can be exploited. The aim of this dissertation is to further our 
understanding of how old age might affect gait stability and adaptability, with the 
perspective that this knowledge could improve the effectiveness and specificity of exercise-
based falls reduction interventions for both healthy and clinical populations at an 
increased risk of falls.  
In Part Two of this dissertation, an examination of gait variability and stability is 
conducted during walking tasks examining predominantly predictive control during 
unperturbed and perturbed gait. Chapter 2.1 uses multiple walking speeds to assess this 
in young and older healthy adults, as well as adults with bilateral vestibulopathy, in order 
to elucidate the potential role of the vestibular system in this control. Chapter 2.2 uses a 
sustained resistance perturbation to explore the predictive adaptation of gait to control 
stability in young, middle-aged and older adults, to investigate how such control might 
change across the adult lifespan.  
Part Three of this dissertation deals with methodological aspects of examining 
reactive gait stability using perturbations and how we might improve our experimental 
procedures to better understand this concept. Chapter 3.1 reviews past methodology for 
examining reactive gait stability during unexpected perturbations in older adults and 
makes suggestions for future research. Chapter 3.2 then acts upon some of these 
recommendations and presents a method to reduce interindividual differences in initial 
gait stability, allowing a theoretically more accurate examination of responses to gait 
perturbations and any subsequent adaptations in gait.  
Part Four of this dissertation then applies the improved methodology in two 
studies on reactive gait stability. Chapter 4.1 examines how young humans adapt, retain 
and transfer adaptations in gait stability to controlled gait perturbations. Chapter 4.2 
then examines if the processes of adaptation and transfer are altered in older adults and 
if the methodology developed and applied in this dissertation leads to different conclusions 
than those previously reported in the literature regarding age-related differences in gait 
stability.  
Part Five of this dissertation reports a review of the literature on how such 
perturbations as used in this dissertation have been applied in research on falls prevention 
and presents a critical discussion of factors relating to both effectiveness and feasibility of 
perturbation-based balance training in clinical practice.  
Finally, Part Six of this dissertation will synthesise and discuss the results of all 
parts of this dissertation, discuss broader issues around task specific exercise-based falls 
prevention and the overall conclusions of this dissertation will be presented. 
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Part Two: 
Unperturbed and Predictive Gait Stability with Ageing 
and Vestibulopathy 
 
 
 
“..it should come as no surprise that any condition that impairs sensory or muscle function may 
impair gait stability due to an impaired ability to control foot placement, as becomes apparent 
with ageing and pathology.” 
– Bruijn & van Dieën (2018) 
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Abstract 
Understanding balance and gait deficits in vestibulopathy may help improve clinical care 
and our knowledge of the vestibular contributions to balance. Here, we examined walking 
speed effects on gait variability in healthy adults and in adults with bilateral 
vestibulopathy (BVP). Forty-four people with BVP, 12 healthy young adults and 12 
healthy older adults walked at 0.4m/s to 1.6m/s in 0.2m/s increments on a dual belt, 
instrumented treadmill. Using motion capture and kinematic data, the means and 
coefficients of variation for step length, time, width and double support time were 
calculated. The BVP group also completed a video head impulse test and examinations of 
ocular and cervical vestibular evoked myogenic potentials and dynamic visual acuity. 
Walking speed significantly affected all gait parameters. Step length variability at slower 
speeds and step width variability at faster speeds were the most distinguishing 
parameters between the healthy participants and people with BVP, and among people 
with BVP with different locomotor capacities. Step width variability, specifically, 
indicated an apparent persistent importance of vestibular function at increasing speeds. 
Gait variability was not associated with the clinical vestibular tests. Our results indicate 
that gait variability at multiple walking speeds has potential as an assessment tool for 
vestibular interventions. 
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Introduction 
Ever since a chance observation of a dog with acute unilateral vestibulopathy who 
demonstrated less imbalance during running than during walking (Brandt et al., 1999), 
the interactions of gait velocity, imbalance and vestibular symptoms in people with 
vestibulopathy have become a topic of great interest. Inspired by the observation in the 
dog, Brandt et al. (1999) demonstrated with a simple setup that humans with acute 
unilateral vestibulopathy could run with less deviation to the affected side than while 
walking. Since then, three studies have reported reductions in temporal gait variability 
and reductions in stride length variability in bilateral vestibulopathy (BVP) during faster, 
compared to slower walking (Schniepp et al., 2012, Wuehr et al., 2016, Schniepp et al., 
2017). BVP, a severe bilateral reduction of vestibular function that results in severe 
balance deficits and an increased risk of falls (Guinand et al., 2012a, van de Berg et al., 
2015, Horak et al., 2016, Lucieer et al., 2016, Schlick et al., 2016, Sprenger et al., 2017), 
was recently defined by the Bárány Society (Strupp et al., 2017) and represents one of the 
most debilitating vestibular disorders. Interestingly, the same studies revealed that 
patients with BVP do not self-select walking speeds that minimize temporal or spatial gait 
variability (Schniepp et al., 2012, Wuehr et al., 2016, Schniepp et al., 2017), which may 
suggest that these are not the only source of instability or inefficiency with which people 
with BVP must cope. However, further research into the relationships between 
vestibulopathy, walking speed and gait variability is needed to confirm and expand on 
these previous findings, as these three previous studies had some potential drawbacks, 
namely a limited number of gait parameters being analysed (Schniepp et al., 2012), too 
few strides (Owings and Grabiner, 2003, Hollman et al., 2010, Konig et al., 2014, Riva et 
al., 2014) for a robust analysis of gait variability (Schniepp et al., 2012, Schniepp et al., 
2017), the use of only preferred walking speeds or percentages of preferred walking speeds 
(ecologically valid, but less control over influencing factors) (Schniepp et al., 2012, Wuehr 
et al., 2016, Schniepp et al., 2017), small sample size (Wuehr et al., 2016), lack of a healthy 
control group (Wuehr et al., 2016, Schniepp et al., 2017) and the presence of sham 
vestibular stimulation in the control condition (Wuehr et al., 2016). The study of the severe 
balance and gait deficits in people with BVP is both important for improving clinical care 
and for objective quantification of the effects of novel interventions, such as vestibular 
implants (Guyot et al., 2016, Lewis, 2016). Furthermore, it is fundamental to our 
understanding of the vestibular contributions to gait and balance control. 
The sensory contributions to gait appear to depend on walking speed, which may 
partly explain the above described findings and will affect walking speed selection in 
people with vestibulopathy. Visual perturbations such as distorting prisms or closed eyes 
have reducing impact on most gait variability parameters as one walks faster (Jahn et al., 
2001, Wuehr et al., 2013) with the exception of step width variability, which appears to 
increase with visual perturbation at faster walking speeds (Wuehr et al., 2013). Similarly, 
vestibular perturbations via galvanic vestibular stimulation have less impact on gait 
direction and variability at higher speeds (Fitzpatrick et al., 1999, Jahn et al., 2000). 
Additionally, the vestibular influence on lower limb muscles (determined by examining 
vestibulo-muscular coupling via lower limb muscle electromyography during vestibular 
stimulation) is selectively suppressed with increased cadence and speed during walking 
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(Dakin et al., 2013, Forbes et al., 2017), purported to be related to a shift in the control 
mechanisms of mediolateral stability with increasing walking speeds from active 
stabilization at the lower limb joints during the stance phase to foot placement (Bauby 
and Kuo, 2000, Dakin et al., 2013). Despite selective suppression of the vestibular 
influence on some lower limb muscles at faster walking speeds, significant increases in 
frontal spatial variability with increasing walking speeds have been reported in BVP 
(Wuehr et al., 2016), suggesting that vestibular information remains important for 
mediolateral stability during gait at faster speeds.  
To further investigate the walking speed dependency of gait variability in 
vestibulopathy, we analyzed the gait of people with BVP and of healthy control 
participants. We aimed to determine the effects of systematic increases in walking speed 
on spatiotemporal gait parameters and their variability in these participant groups. 
Secondly, we aimed to assess if these parameters would differentiate between healthy 
participants, and participants with BVP who could and could not complete all of the 
planned walking speed trials. We hypothesized that, for all participants, step and double 
support time and step length variability would systematically reduce with increases in 
walking speed, whereas step width variability would systematically increase, in 
agreement with previous work (Schniepp et al., 2012, Wuehr et al., 2016, Schniepp et al., 
2017). We further postulated that, based on earlier studies and despite their limitations 
described above (Schniepp et al., 2012, Schniepp et al., 2017), step and double support 
time and step length variability at slower walking speeds would be most distinguishing 
between the healthy control participants and patients with BVP, and also between the 
patients with BVP that could completely and only partly complete the measurement 
protocol, whereas step width variability would be most distinguishing at faster walking 
speeds, based on one study showing an increase in BVP (Wuehr et al., 2016). Additionally, 
we conducted an explorative analysis in the patient groups examining correlations 
between the outcomes of the most distinguishing gait parameters identified and clinical 
vestibular tests conducted as part of a larger clinical study (video head impulse test 
[vHIT], ocular and cervical vestibular evoked myogenic potentials [oVEMP and cVEMP] 
and dynamic visual acuity [DVA]) that are indicative of vestibular functional integrity and 
commonly used in clinical settings, with the aim to explore if these tests could give an 
indication about gait-related function in BVP.  
 
Methods 
Participants 
Forty-four people with BVP participated in this study (22 males, 22 females; age: 
57.6±11.5 years, age range: 21 to 74; height: 174.5±9.7cm; weight: 80.4±17kg). Inclusion 
criteria were a prior diagnosis of bilateral vestibular hypofunction at the Maastricht 
University Medical Centre+ (imbalance and/or oscillopsia during locomotion and 
summated slow phase mean peak velocity of the nystagmus of less than 20°/s during 
bithermal caloric tests) and the self-reported ability to walk independently without 
assistance. Please note that this study began prior to the publication of the Bárány Society 
guidelines (Strupp et al., 2017), which are slightly different. Potential participants were 
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not included if they were unable or unwilling to stop taking anxiety or depression 
medication for the week before the measurements. In addition, two healthy control groups 
comprised of 12 healthy younger adults (Young; 5 males, 7 females; 25.1±2.8 years; 
174.9±7.3cm; 72.6±13.5kg) and 12 healthy older adults (Older; 8 males, 4 females; 71.5±4.8 
years; 171.5±9.1cm; 79.5±11.8kg) with no history of balance or gait difficulties and no 
history of dizziness participated in this study. These specific groups were included to 
account for the age range in the BVP group and to provide an estimation of the effect of 
ageing alone on the outcome parameters. The study was explained before obtaining 
written informed consent, was conducted in accordance with the Declaration of Helsinki 
and was approved by the Maastricht University Medical Centre medical ethics committee 
(gait measurements: NL58205.068.16; vestibular tests: NL52768.068.15). 
 
Gait Analysis Setup, Data Processing and Procedure 
The gait measurements were conducted using the Computer Assisted Rehabilitation 
Environment Extended (CAREN; Motekforce Link, Amsterdam, The Netherlands), which 
includes a dual-belt force plate-instrumented treadmill (Motekforce Link, Amsterdam, 
The Netherlands; 1000Hz), a 12 camera motion capture system (100Hz; Vicon Motion 
Systems, Oxford, UK) and a virtual environment (city-style street with passing objects 
and structures) projected onto a 180 degrees curved screen (note that our intention was to 
provide optic flow for all participants, but after the first few measurements with the BVP 
group, it became clear that optic flow should be turned off for this group to prevent 
dizziness and nausea. The implications for this on the results are discussed in the 
limitations section). For all measurement sessions, a safety harness connected to an 
overhead frame was used. At the request of some of the participants with BVP, a handrail 
was also positioned on the treadmill, the use of which was monitored and recorded. Six 
retroreflective markers were attached to anatomical landmarks (C7, sacrum, left and right 
trochanter and left and right hallux) and were tracked by the motion capture system. 
Marker tracks were filtered using a low pass second order Butterworth filter (zero-phase) 
with a 12Hz cut-off frequency. Foot touchdown was determined using combined force plate 
(50N threshold) and foot marker data (Zeni et al., 2008). This combined method was used 
to be able to accurately account for foot touchdowns and toe-offs occurring in the center of 
the treadmill triggering both force plates simultaneously. For these steps, the foot marker 
method was used and then corrected based on the average discrepancy between the force 
plate method and the marker method timing for all steps that contacted only one force 
plate. The spatiotemporal gait parameters of interest were step length (anteroposterior 
distance between the hallux markers at foot touchdown), step time (time from touchdown 
of one foot to touchdown of the next foot), step width (mediolateral distance between the 
hallux markers at foot touchdown) and double support time (time spent with both feet on 
the ground). Means, standard deviations and coefficients of variation (CV) were 
determined for each speed for each participant. 
Each session began with walking familiarization trials at 0.4m/s up to 1.6m/s in 
0.2m/s increments. At least 60s were used for each speed, and further time was provided 
to familiarize to each speed if deemed necessary by either the participant, the CAREN 
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operator or the research clinician. At the end of each speed trial, the decision to continue 
to the next (faster) speed was made in a similar manner. If the participant was not 
comfortable progressing to the next speed or if the CAREN operator or research clinician 
did not think it was safe or feasible to progress, then the participant continued at the 
current speed instead. Participants were then given sufficient rest before continuing with 
the measurements. Single two-to-three-minute-long measurements (to ensure a minimum 
of 60 strides per speed) were then conducted at each prescribed speed that was completed 
during familiarization. Multiple set walking speeds were used as opposed to the majority 
of previous studies which have used either percentages of preferred walking speeds or self-
perceived slow, normal and fast walking speeds, in order to have more control over the 
walking speed condition. 
 
Clinical Vestibular Function Tests Setup and Procedures 
Following a sufficient rest period that was determined on an individual basis, the BVP 
group proceeded with the clinical vestibular testing battery. Between each test, sufficient 
rest was provided based on feedback from the patient and the judgement of the clinical 
researcher. The vHIT was performed with the EyeSeeCam system (EyeSeeCam VOG; 
Munich, Germany) and the ICS Impulse system (GN Otometrics A/S, Denmark) to test 
semicircular canal function and determine the gain of the vestibulo-ocular reflex (VOR). 
Both systems measured the movement of the right eye. The distance of the back of the 
static chair was 2 meters to the point of fixation. The point of fixation consisted of a green 
dot on the wall, produced by a laser on a tripod. If necessary, adhesive plasters were used 
to lift the upper eyelid a little to secure the visibility of the pupil for the camera in all 
directions. Goggle movement was minimized by adjusting the strap of the goggles to every 
subject. The vHIT system was calibrated according to the protocol of the system. After 
calibration, the subject was instructed to not touch their head including the goggles. The 
examiner stood behind the participant with two hands firmly on top of the participant’s 
head without touching the strap of the goggles. The examiner then applied head impulses 
in six different movements to test each canal (McGarvie et al., 2015). The horizontal head 
impulses comprised a peak velocity of > 150°/s and the vertical head impulses a peak head 
velocity of > 100°/s. The amplitude of the movements was 10-20°. Only outward impulses 
were used (van Dooren et al., 2018).  The vHIT was defined as abnormal if the VOR gain 
was below 0,7 and/or if covert saccades were observed in 50% or more of the traces 
(McGarvie et al., 2015, Yip et al., 2016).  
DVA, which is used to assess gaze stabilization via the VOR during gait-related 
head movements, was assessed on a regular treadmill (1210 model, SportsArt, Inc., 
Tainan, Taiwan, China.) with the participant positioned 2.8 meters from a computer 
screen. Firstly, the static visual acuity was determined during stance, followed by the 
assessment of the DVA during walking at 2, 4 and 6 km/h. One letter at a time was 
randomly displayed on the screen from a chart of Sloan letters (CDHKNORSVZ) (Sloan, 
1959). Starting at a logMAR (log of the Minimum Angle of Resolution; (Bailey and Lovie, 
1976)) of 1.0, five random letters were shown at each logMAR (decreasing in steps of 0.1 
logMAR). When four out of five letters were correctly identified, the corresponding logMAR 
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was considered achieved. The outcome of the DVA was the difference between the static 
logMAR and the logMAR for each of the three walking speeds. The result was omitted if 
the subject needed a handrail to walk at that speed or if it wasn’t possible to walk at that 
speed at all (Guinand et al., 2012b). 
cVEMP and oVEMP were assessed with the Neuro-Audio system (v2010, 
Neurosoft, Ivanovo, Russia) in order to determine the function of the otolith organs 
(saccule and utricle, respectively) and their corresponding nerves. A monaural stimulation 
with in-ear earphones was used with air conduction tone bursts at 500Hz and a 
stimulation rate of 13Hz using a blackman window function with a two-cycle rise/fall and 
no plateau phase. Tone bursts of maximum 130dB sound pressure level (SPL) were used. 
A stepwise approach was used to determine the threshold with a precision of 5dB SPL 
(van Tilburg et al., 2016). Positive (P1) and negative (N1) peaks in the recorded biphasic 
waveform were marked for both cVEMPs and oVEMPs. The thresholds were determined 
as the lowest stimulus intensities to elicit recognizable peaks. If it wasn’t possible to find 
a VEMP response, it was defined as a threshold of >130dB SPL. For the cVEMP, the 
participant was positioned lying down with the back positioned at a 30° angle above the 
horizontal plane and was asked to turn their head towards the non-measured side and lift 
their head during the measurement. The cVEMP was recorded at the ipsilateral 
sternocleidomastoid muscle. Two electrodes were placed on the sternocleidomastoid 
muscles, the reference electrode on the sternum, and the earth electrode on the forehead. 
Electrode impedances of 5 kΩ or lower were accepted and otherwise the electrode was 
replaced. To ensure correct muscle contraction, a feedback system using a screen was 
provided. An average of 200 EMG traces with a minimum mean rectified voltage (MRV) 
of 65µV and a maximum MRV of 205µV was accepted (Brantberg and Lofqvist, 2007, 
Fujimoto et al., 2009). The oVEMP was recorded at the contralateral inferior oblique 
muscle. Five electrodes were used: the recording electrodes beneath the eyelid, just lateral 
of the pupil when gazing forward and centrally, the reference electrodes beneath the 
recording electrode and the earth electrode on the forehead. The participant was asked to 
keep their gaze at a focus point placed at a 30 degrees angle behind the head. An average 
of at least 300 EMG traces was accepted (Govender et al., 2011, Piker et al., 2013, Valko 
et al., 2016).  
 
Statistics 
From the 44 participants with BVP that started the study, 38 participants were able to 
complete at least the three slowest walking speeds without assistance (group hereafter 
referred to as BVP) and these participants’ data were taken for the comparison with the 
healthy groups. For the within BVP comparisons, three groups were formed. One group 
was able to complete all of the gait measurements without assistance (BVP All Gait; n=26), 
the second was only able to complete some of the speeds without assistance (BVP Part 
Gait; n=12; all of this group were able to complete the measurements at least up to 0.8m/s) 
and the final group (BVP No Gait; n=6) did not start the recorded gait trials (see “Results” 
for details on this group). 
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To investigate the walking speed effects on gait and this effect’s potential 
interaction with vestibular function, mixed-effects models using the restricted maximum 
likelihood method with the fixed effects walking speed, participant group, and speed by 
group interaction were conducted for the means and CVs of step time and length, step 
width and double support time. To further investigate the potential of gait variability to 
distinguish between BVP groups, mixed-effects models as described above were applied 
with groups BVP All Gait and BVP Part Gait to the CV of all four gait parameters across 
all speeds that included data points from each group. Bonferroni post hoc comparisons 
were performed to assess the group differences within speeds for each of the gait 
parameters. 
The vHIT testing revealed abnormal canal function in all or most directions for 
almost all of the participants with BVP (i.e. exceptions were two participants with BVP 
who had only one abnormal result out of six). As almost all outcomes were abnormal and 
there was no possibility to distinguish between groups, analysis of the vHIT results in 
relation to gait was not taken further. For all completed DVA trials with a logMAR change 
value during the three walking speeds compared to standing and when oVEMP or cVEMP 
thresholds were detected, these values were grouped and Pearson correlations with the 
gait parameters that showed highest variability and/or distinguished between BVP groups 
were conducted (see Results).  Age, height, weight and body mass index (BMI) were 
compared across the participant groups BVP, Young and Older, and within the three BVP 
groups (BVP All Gait, BVP Part Gait, BVP No Gait) using one-way ANOVAs with 
Bonferroni corrections for multiple comparisons.  
 
Results 
Twenty-six participants with BVP were able to complete all of the gait measurements 
without assistance (BVP All Gait). Twelve participants with BVP were only able to 
complete some of the speeds (BVP Part Gait), of which one participant stopped after 
0.8m/s, one after 1.0m/s, four after 1.2m/s and six after 1.4m/s. Six participants with BVP 
were assigned to the BVP No Gait group for the following reasons: one participant became 
dizzy and nauseated during familiarization and could not continue; three participants 
were not able to walk during familiarization without handrail support; two participants 
found treadmill walking too challenging and could not continue. The demographic data of 
these three groups, as well as the healthy control group can be found in Table 1. The one-
way ANOVAs revealed a significant group effect (BVP, Young, Older) for age (F (2,59) = 
88), P<0.0001), with age significantly differing between each of the groups (P<0.0001). 
Height, weight and BMI did not significantly differ across these groups. No significant 
differences in demographics were found with the three BVP groups. 
The mixed-effects models with walking speed (0.4 to 1.6m/s) and group (BVP, 
Young, Older) as factors revealed significant walking speed effects for the means and CV 
of step time and length, step width and double support time (P≤0.0003), significant group 
effects for all parameters except step width means (P≤0.0151) and significant walking 
speed by group interactions for the means of step time, double support time and step width 
(P≤0.0053)  and  the  CV  of  step  width  (P<0.0001). The  mixed-effects  model results and  
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Table 1. Participant Group Characteristics 
 n Age (y) Height (cm) Weight (kg) Body Mass Index 
Young  12 (7 female) 25.1±2.8* 174.9±7.3 72.6±13.5 23.6±2.8 
Older 12 (4 female) 71.5±4.8* 171.5±9.1 79.5±11.8 26.9±2.2 
BVP 38 (20 female) 56.1±11* 174.6±10.1 80.2±17.6 26.1±4.2 
BVP All Gait 26 (10 female) 55.1±11.4 176.8±9.9 80.3±17.8 25.4±3.8 
BVP Part Gait 12 (10 female) 59.2±9 169.7±9 79.9±18 27.6±4.7 
BVP No Gait 6 (2 female) 65.3±13.6 174±6.9 82.4±13.4 27.2±3.8 
Values are means ± SD. *: Significantly different from each other (P<0.0001). 
 
summary of the between group Bonferroni comparisons are displayed in Fig. 1 (means) 
and Fig. 2 (CVs), and the full Bonferroni comparison results are available in 
Supplementary Tables 1 and 2. 
The mixed-effects models with walking speed (0.4 to 1.4m/s) and group (BVP All 
Gait and BVP Part Gait) as factors revealed significant walking speed effects for the CV 
of all parameters (P<0.0001). Significant group effects were found for the CV of step time, 
step length and double support time (P≤0.0162) and a significant walking speed by group 
interaction was found for the CV of double support time (P=0.0172). The mixed-effects 
model results and summary of the between group Bonferroni comparisons are displayed 
in Fig. 3 and the full Bonferroni comparison results are available in Supplementary Table 
3. 
When cVEMP and oVEMP thresholds were detected, and when a speed of the DVA 
was completed, these values were taken and Pearson correlations were conducted with the 
CVs of step time, step length and double support time at 0.4m/s and the CV of step width 
at 1.6m/s, being the speeds with the highest variability in those parameters from the 
previous analysis. These results can be seen in Table 2. Only two significant correlation of 
28 were found (change in logMAR scores during the DVA with Double Support CV at 
6km/h and oVEMP Left and Step Length CV at 0.4m/s; Table 2). 
 
Post-hoc Analysis of Gait Data based on VEMP Results 
In order to further investigate differences within the patient group, we conducted an 
analysis of the gait data of the participants with and without at least one detected VEMP 
threshold for the same four parameters as the correlations: the CVs of step time, step 
length and double support time at 0.4m/s and the CV of step width at 1.6m/s. Given that 
all of the participants with no VEMP threshold detected also had abnormal outcomes on 
the vHIT for most or all of the six directions tested, the purpose of this analysis was to 
compare the gait of participants with and without detectable canal and otolith function. 
Independent samples t-tests with Welch’s corrections did not reveal any significant 
differences between the participants with and without at least one detectable VEMP 
threshold (0.0965<P<0.746). 
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Table 2: Pearson correlations between the cVEMP and oVEMP thresholds, the change in 
logMAR scores during each of the three DVA walking speeds and the gait parameters. 
    
Step Time CV 
0.4m/s 
Step Length CV 
0.4m/s 
Double Support 
Time CV 0.4m/s 
Step Width CV 
1.6m/s 
cVEMP 
Right 
r 0.08987 0.3259 0.2576 -0.3501 
95% CI -0.3935 to 0.5343 -0.1662 to 0.6881 -0.2379 to 0.6467 -0.7554 to 0.2489 
P (two-tailed) 0.7229 0.1868 0.302 0.241 
n 18 18 18 13 
cVEMP 
Left 
r -0.2425 0.1195 -0.1732 -0.5043 
95% CI -0.659 to 0.2878 -0.3999 to 0.5808 -0.616 to 0.3528 -0.8362 to 0.09795 
P (two-tailed) 0.3655 0.6595 0.5212 0.0945 
n 16 16 16 12 
oVEMP 
Right 
r 0.4653 0.561 0.286 0.4649 
95% CI -0.7074 to 0.9554 -0.6361 to 0.9654 -0.7975 to 0.9329 -0.7076 to 0.9553 
P (two-tailed) 0.4297 0.3251 0.6408 0.4301 
n 5 5 5 5 
oVEMP 
Left 
r -0.04995 0.7914 0.08001 -0.3605 
95% CI -0.6911 to 0.6352 0.2684 to 0.9541 -0.6169 to 0.7066 -0.8494 to 0.4614 
P (two-tailed) 0.8985 0.0111 0.8379 0.3803 
n 9 9 9 8 
DVA 
2km/h 
r -0.1244 0.01669 -0.2151 -0.09623 
95% CI -0.4271 to 0.2034 -0.3046 to 0.3346 -0.5004 to 0.1123 -0.4662 to 0.3024 
P (two-tailed) 0.4568 0.9208 0.1947 0.6401 
n 38 38 38 26 
DVA 
4km/h 
r 0.06088 -0.1711 0.03413 0.2422 
95% CI -0.2639 to 0.3733 -0.4654 to 0.1572 -0.2887 to 0.35 -0.1602 to 0.5756 
P (two-tailed) 0.7166 0.3043 0.8388 0.2332 
n 38 38 38 26 
DVA 
6km/h 
r -0.3145 -0.3199 -0.4338 -0.06129 
95% CI -0.6371 to 0.1018 -0.6406 to 0.09588 -0.7125 to -0.0369 -0.4803 to 0.3805 
P (two-tailed) 0.1345 0.1275 0.0342 0.7918 
n 24 24 24 21 
2.1: The walking speed-dependency of gait variability in bilateral vestibulopathy and its association with 
clinical tests of vestibular function 
27 
 
2.1 
 
 
 
 
 
 
 
 
 
Fig. 1: Boxplots of the 
median, interquartile 
range and 5th and 95th 
percentile of the means 
of step time, step 
length, double support 
time and step width 
across all conducted 
walking speeds in BVP, 
Young and Older 
participant groups. 
The black horizontal 
lines indicate 
significant between 
group differences for 
the indicated speed 
(P<0.05, Bonferroni 
adjusted). 
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Fig. 2: Boxplots of the 
median, interquartile range 
and 5th and 95th percentile 
of the coefficients of 
variation (CV) of step time, 
step length, double support 
time and step width across 
all conducted walking 
speeds in BVP, Young and 
Older participant groups. 
The black horizontal lines 
indicate significant 
between group differences 
for the indicated speed 
(P<0.05, Bonferroni 
adjusted). 
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Fig. 3: Boxplots of 
the median, 
interquartile range 
and 5th and 95th 
percentile of the 
coefficients of 
variation (CV) of step 
time, step length, 
double support time 
and step width 
across all walking 
speeds with data 
from participant 
groups BVP All Gait 
and BVP Part Gait. 
The black horizontal 
lines indicate 
significant between 
group differences for 
the indicated speed 
(P<0.05, Bonferroni 
adjusted). 
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Discussion 
We aimed to determine the effects of systematic increases in walking speed on 
spatiotemporal gait parameters and their variability in people with BVP. We investigated 
if these parameters would distinguish between healthy participants and participants with 
BVP, and between patients with BVP who could and could not complete all of the planned 
walking speed trials (a simple proxy of locomotor capacity). Our hypothesis, that step and 
double support time and step length variability would systematically reduce with 
increases in walking speed, whereas step width variability would systematically increase, 
was confirmed as significant walking speed effects were found for all gait variability 
parameters. We additionally hypothesized that step and double support time and step 
length variability at slower walking speeds would be most distinguishing between the 
healthy control participants and patients with BVP, and also between the patients with 
BVP that could completely and only partially complete the measurement protocol, whereas 
step width variability would be most distinguishing between these groups at faster 
walking speeds. This hypothesis was partly confirmed; step length CV differed between 
groups BVP and Young and between groups BVP All Gait and BVP Part Gait, double 
support time CV differed between groups BVP and Young and step width CV differed 
between groups BVP and Young and BVP and Older for step width variability, but other 
parameters did not significantly differ at the pairwise comparison level, despite the group 
effects found for all parameters except step width CV in the BVP All Gait vs. BVP Part 
Gait analysis.  
Regarding our explorative analysis in the patient groups examining correlations 
between the outcomes of four clinical vestibular tests (vHIT, oVEMP, cVEMP, DVA) and 
the most distinguishing gait parameters identified, only one significant correlation 
between the change in logMAR scores during the DVA and the gait parameters were found 
(6km/h and Double Support CV; Table 2). One significant correlation of 16 was found 
between the VEMP thresholds and the gait parameters, but only nine pairs of data were 
included in this test and if a Bonferroni correction is made for the p values of these 16 
tests, it is no longer significant (oVEMP Left and Step Length CV at 0.4m/s; Table 2). 
Similarly, the one significant correlation between a DVA parameter and gait variability 
(DVA 6km/h and Double support time CV 0.4m/s) does not meet the significance threshold 
if a Bonferroni correction for the 12 tests is made. Even though this study clearly 
demonstrates the significant contribution of vestibular function to gait, our exploratory 
analysis confirms the complex contribution of vestibular information during every-day 
activities and the difficulty in translating current objective clinical measures to highly 
relevant patient symptoms. 
Determining meaningful and distinguishing gait parameters in BVP is vital for the 
development of interventions, as is using tasks that sufficiently replicate the day-to-day 
challenges of these patients, to determine candidates for intervention and to assess the 
effect of those interventions. Two promising interventions currently under development 
and investigation include noisy galvanic vestibular stimulation (nGVS) and vestibular 
implants (Guyot et al., 2016, Lewis, 2016, Perez Fornos et al., 2017, Wuehr et al., 2017, 
Herssens and McCrum, 2019). Discussions of these treatment options can be found 
elsewhere (Guyot et al., 2016, Wuehr et al., 2017), but it is important to note that both 
2.1: The walking speed-dependency of gait variability in bilateral vestibulopathy and its association with 
clinical tests of vestibular function 
31 
 
2.1 
 
 
 
 
 
 
 
 
 
show early signs of utility for improving gait in BVP (McCrum et al., 2016, Wuehr et al., 
2016). However, it remains to be seen if improvement due to nGVS or a vestibular implant 
in steady state gait would likewise be seen in more dynamic locomotor task performance, 
where even unilateral vestibulopathy leads to significantly poorer stability performance 
(McCrum et al., 2014). It should be noted that while this study examined spatiotemporal 
variability, differences in dynamic gait stability were not directly assessed and the two 
are not necessarily equivalent (Dingwell et al., 2001, Bruijn et al., 2013, Perry and 
Srinivasan, 2017). The parameters presented here represent the amount of variability in 
the gait parameters, but do not necessarily indicate the overall stability of the 
participants. Therefore, future work should investigate how dynamic gait stability is 
altered in BVP and how this is affected by changes in walking speed. Additionally, we 
suggest that quantification of vestibulospinal reflexes and reflex gains associated with gait 
stability control in BVP should be conducted, in order to better understand the underlying 
mechanisms of changes in gait stability in vestibulopathy. 
The current study confirmed previous findings of reductions in temporal gait 
variability and reductions in sagittal plane spatial gait variability in vestibulopathy 
during faster, compared to slower walking (Schniepp et al., 2012, Wuehr et al., 2016, 
Schniepp et al., 2017). We extend these previous findings as the current study employed 
fixed (not self-selected) speeds that were systematically increased, with 120 steps analyzed 
per speed, thereby improving the reliability of the outcomes. Our findings also align with 
the growing body of literature indicating a shift from sensory feedback-driven balance 
control to an increasingly feedforward control with increasing locomotor speed (Brandt et 
al., 1999, Jahn et al., 2001, Dakin et al., 2013, Forbes et al., 2017, MacNeilage and 
Glasauer, 2017), but suggest that this may not apply, at least not to the same extent, for 
mediolateral balance control during gait which may continue to require active control of 
foot placement in the mediolateral plane. Importantly, the current results further the 
previous findings by additionally showing that these parameters are related to the 
locomotor capacities of people with BVP. 
We confirmed previously reported increases in step width variability with 
increasing walking speeds in people with BVP (Wuehr et al., 2016). Previous studies have 
shown that vestibular perturbations have less impact on direction and variability at 
higher walking speeds (Fitzpatrick et al., 1999, Jahn et al., 2000) and that the vestibular 
influence on lower limb muscles is selectively suppressed with increased cadence and 
speed during walking (Dakin et al., 2013, Forbes et al., 2017). However, the current step 
width variability results, combined with those of (Wuehr et al., 2016) suggest that 
vestibular information remains important for mediolateral foot placement at increased 
walking speeds. During the swing phase when foot placement is coordinated and 
determined, there is reduced proprioceptive input due to only one foot being in contact 
with the ground. Therefore, we could reason that vestibular input becomes more important 
in this phase, and disturbed or lacking vestibular input may decrease foot placement 
accuracy. These results also provide some explanation as to why people with BVP do not 
self-select walking speeds that minimize temporal or sagittal plane spatial gait variability 
(Schniepp et al., 2012, Wuehr et al., 2016, Schniepp et al., 2017). Dramatic increases in 
step width variability may be undesirable due to reduced stability control or increased 
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energetic costs of mediolateral stabilization (Donelan et al., 2004, Dean et al., 2007, 
O'Connor et al., 2012). Based on the current results, either reason is plausible, as some 
participants in the BVP Part Gait group did not continue to the faster speeds due to 
instability, while others could not continue due to being unable to keep up with the speed 
of the treadmill (implying an energetic or physiological limitation, not a stability-related 
one). The vestibular influence on gait economy has not yet been thoroughly investigated.  
The healthy control groups in this study were not directly age matched with the 
BVP group, but rather represent healthy participants at the younger and older end of the 
age range of the BVP group. Variability in step time, double support time and step length 
of the older group tended to fall between that of the younger and BVP group, showing few 
statistical differences to either (probably due to a lack of statistical power at the pairwise 
comparison level). The boxplots seem to indicate that the group Older tend towards the 
results of group Young for double support time and step length variability. In order to 
further investigate this issue, we calculated the Cohen’s d effect sizes for each group 
comparison (Young vs. Older, Young vs. BVP and Older vs. BVP) and averaged these 
across the walking speeds for Step Time CV (0.65, 0.98, 0.39), Step Length CV (0.95, 1.31, 
0.60), Double Support Time CV (0.58, 1.00, 0.50) and Step Width CV (0.21, 1.04, 0.84). 
These effect sizes confirm that the largest differences were always between the Young and 
BVP groups, but that the differences between the Older and BVP groups were also always 
moderate to large, even if not statistically significant, indicating that while age may have 
been a factor in the Young-BVP comparisons, it certainly does not explain the differences 
found. However, the group difference in step width variability appear to be more robust, 
with large significant differences between the BVP group and each healthy group, and no 
difference due to healthy ageing alone, in agreement with previous studies (Hollman et 
al., 2011, Herssens et al., 2018). However, other limitations should be kept in mind. 
Firstly, we did not perform any tests of somatosensory function in the older adult group, 
and while we think our inclusions criteria “no history of balance or gait difficulties and no 
history of dizziness” probably deemed somatosensory dysfunction unlikely, it cannot be 
entirely ruled out. We did however perform the DVA and vHIT tests with nine and eight 
out of 12 older participants, respectively, which revealed normal function (due to 
equipment issues, the remaining older adults were not assessed on these tests). Regarding 
the gait results, we caution comparing the CV of step width to studies of overground 
walking, as it has been shown in healthy participants that walking on the CAREN results 
in increased step width variability compared to overground walking (Gates et al., 2012). 
Additionally, the use of a safety harness may result in small differences to unconstrained 
overground gait (Decker et al., 2012). Furthermore, treadmill walking appears to be more 
challenging for people with BVP, evidenced by the fact that the BVP No Gait group were 
not able to successfully complete the familiarization period, despite reporting being able 
to walk independently without assistance. We would therefore caution a direct comparison 
of treadmill-derived gait results with overground gait results in BVP. It should also be 
noted that the walking speeds used in the current study were not randomized, but 
progressed from slow to fast, and this could have led to an order effect. We hope that this 
was minimized by our familiarization protocol, but it cannot be ruled out. This should not 
have affected our comparisons, however, as all participants followed the same protocol. 
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Minor fatigue may have occurred during the assessments, but this should have been 
minimized as the participants were monitored and breaks were provided when necessary. 
Regarding the fact that the healthy groups walked with optic flow and the BVP group 
walked with the virtual environment fixed (so as to provide the same lighting), we do not 
expect that this difference would have altered our results, as two previous studies found 
no, or negligible, differences in the parameters assessed here between fixed speed walking 
with and without virtual reality (Katsavelis et al., 2010, Sloot et al., 2014). The only 
previous study that did find differences in gait variability due to virtual reality that we 
are aware of is that of Hollman et al. (2006). However, Hollman et al. (2006) used an 
insufficient number of data points to reliably assess gait variability (Katsavelis et al., 
2010) and used a substantially different virtual reality setup to the current study. Finally, 
the effect sizes of the difference in step width variability with and without virtual reality 
and optic flow from Hollman et al. (2006) are much smaller than those found in the current 
study between Young and BVP All Gait groups at similar walking speeds (Cohen’s d of 
0.238-0.657 in Hollman et al. (2006) vs. 1.064-1.382 in the current study). 
We also acknowledge that our division of participants into the BVP All Gait and 
BVP Part Gait groups is based on a rather simple criterion. Of the 12 participants in the 
BVP Part Gait group, the range of locomotor capacities within this group is likely broad. 
Reasons for lack of completion also varied across the participants, with some stopping due 
to lack of stability control (too much lateral deviation with a risk of stepping off the 
treadmill) and others unable to keep up with a faster belt speed. Nevertheless, we found 
significant group effects on gait variability, indicating the potential association between 
gait variability and overall locomotor capacity in BVP. Further research into gait 
parameters that can distinguish between patients with different functional limitations is 
encouraged to aid the development of accurate diagnostic functional testing protocols.  
In conclusion, spatiotemporal gait parameters and their variability show speed-
dependency in people with BVP and in healthy adults. In particular, step length 
variability at slower speeds and step width variability at faster speeds were the most 
distinguishing parameters between the healthy participants and people with BVP, and 
within groups with BVP who have different locomotor capacities. Gait variability in BVP 
was generally not correlated with the clinical tests of vestibular function. The current 
findings indicate that analysis of gait variability at multiple speeds has potential as an 
assessment tool for vestibular interventions. 
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Abstract 
The aim of this work was to examine locomotor stability and adaptation across the adult 
female lifespan during perturbed walking on the treadmill. 11 young, 11 middle and 14 
older-aged female adults (mean and SD: 25.5(2.1), 50.6(6.4) and 69.0(4.7) years old 
respectively) walked on a treadmill. We applied a sustained perturbation to the swing 
phase of the right leg for 18 consecutive gait cycles, followed by a step with the resistance 
unexpectedly removed, via an ankle strap connected to a break-and-release system. The 
margin of stability (MoS) at foot touchdown was calculated as the difference between the 
anterior boundary of the base of support (BoS) and extrapolated center of mass. Older 
participants showed lower MoS adaptation magnitude in the early adaptation phase (steps 
1-3) compared to the young and middle-aged groups. However, in the late adaptation 
phase (steps 16-18) there were no significant differences in adaptation magnitude between 
the three age groups. After removing the resistance, all three age groups showed similar 
aftereffects (i.e. increased BoS). The current results suggest that in old age, the ability to 
recalibrate locomotion to control stability is preserved, but the rate of adaptive 
improvement in locomotor stability is diminished.  
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Introduction 
Reducing falls in the elderly is vital for public health, due to consequences such as 
fractures, functional decline and death (Terroso et al., 2013). Older adults fall most often 
during ambulation, frequently due to tripping or slipping (Talbot et al., 2005). Reactive 
and predictive adjustments of gait contribute to locomotor stability (state of the center of 
mass (CoM) in relation to the base of support (BoS)) and decrease the risk of falling when 
facing a challenging walking environment (Bierbaum et al., 2010, Bierbaum et al., 2011). 
One such adjustment is rapid stepping, which is diminished in old age (Maki and McIlroy, 
2006). Step length and time following release from a forward lean indeed predict older 
adults’ maximum recoverable forward lean angle (Graham et al., 2015), which predicts 
future falls (Carty et al., 2015).  
Improving compensatory stepping adjustments may help in preventing falls 
(Grabiner et al., 2014). In older adults, experiencing laboratory-induced gait perturbations 
has led to improved recovery responses to various mechanical perturbations (Bierbaum et 
al., 2010, Pai et al., 2010, Bierbaum et al., 2011, Bhatt et al., 2012, Pai et al., 2014b). More 
importantly, perturbation training may reduce falls by up to 50% in the following year 
(Rosenblatt et al., 2013, Pai et al., 2014a). However, it remains partly unclear how 
locomotion adapts to control stability in response to perturbations, and how this ability 
declines across the adult lifespan. Determining how locomotor stability and adaptation 
are affected across the female lifespan is of particular importance, as locomotor stability 
declines, and falls increase in middle age in women (Talbot et al., 2005, Süptitz et al., 
2013). Women over 45 have an increased susceptibility to bone fractures (Donaldson et al., 
1990), and experience more fall-related injuries (Talbot et al., 2005) and hip fractures 
(Parkkari et al., 1999) than men.  
 Bruijn et al. (2012) found that older adults show diminished step length adaptation 
in response to a split-belt walking paradigm (one belt at 1m/s, the other at 0.5m/s) 
compared with younger adults. Bierbaum et al. (2010), however, found that older adults 
are capable of adapting their dynamic stability to a similar or greater magnitude as young 
adults to surface change perturbations. Additionally, Pai et al. (2010) showed that older 
adults are capable of predictive and reactive adaptations to slip perturbations. In general 
however, there is a lack of studies on aging and locomotor stability and adaptation and 
importantly, no study has analyzed how the adaptability of locomotion to perturbations is 
affected across the adult lifespan using a cross sectional design. This study aimed to 
examine locomotor stability and adaptation in young, middle and older-aged adults in 
response to a sustained resistance perturbation during walking, in order to test the 
hypothesis that older adults remain capable of adapting their locomotion to external gait 
perturbations in order to maintain stability, but not to the same extent as young and 
middle-aged adults. 
 
Methods 
Eleven young (mean and SD: 25.5(2.1) years), 11 middle-aged (50.6(6.4) years) and 14 
older (69.0(4.7) years) healthy women, with no known musculoskeletal or neurological 
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deficits, participated in this study. The height and body mass for each group were 
166.9(4.3)cm and 62.7(6.8)kg for the young, 168.2(4.8)cm and 66.4(7.9)kg for the middle-
aged, and 161.2(5.0)cm and 67.3(4.7)kg for the older adults respectively. Participants 
walked at 1.4m/s on a treadmill (pulsar 4.0, h/p/cosmos; Nussdorf-Traunstein, Germany) 
to standardize the walking speed and perturbation. One treadmill walking familiarization 
session took place four to seven days before measurements. Participants wore a safety 
harness connected to an overhead frame during the measurements. The procedures were 
explained to the participants prior to obtaining informed consent in accordance with the 
Declaration of Helsinki. The study was approved by the German Sport University Cologne 
ethical board. 
The gait perturbation was applied using a custom built brake-and-release system 
described previously (Süptitz et al., 2013, McCrum et al., 2014) which applies and removes 
2.1kg of resistance to the leg via an ankle strap and Teflon cable, controlled via an 
electronically driven magnet system. Resistance is turned on during the right leg stance 
phase and removed following right foot touchdown, so that the entire swing phase is 
affected. The measurement periods included familiarization, baseline, single perturbation, 
washout, sustained perturbation and post-perturbation. Familiarization consisted of ten 
minutes walking at 1.4m/s. The ankle strap was then attached to the right leg and 
participants walked for a further four minutes. A baseline measurement (non-perturbed 
walking; approximately 20 seconds) was recorded at the end of this period. Six consecutive 
steps were used to determine a baseline for the assessed parameters. The resistance was 
then applied for one step and immediately removed. Following a two to three minute 
washout period of non-perturbed walking, the resistance was again applied, this time left 
on for 18 consecutive steps of the right leg, followed by a final step of the right leg with the 
resistance removed (post-perturbation), in order to examine aftereffects. Aftereffects were 
analyzed using the BoS, as recalibrations were expected to be most noticeable in this 
variable. Participants were not warned about the onset or removal of the perturbation, 
but were informed that a resistance would be applied at some point during walking.  
Our method to assess gait stability on the treadmill has been described in previous 
studies (Süptitz et al., 2012, Süptitz et al., 2013, McCrum et al., 2014), and a detailed 
description is provided in the appendix (see Supplementary Material). Briefly, a full 
kinematic model was tracked using 26 markers and an eight camera (120 Hz) Vicon Nexus 
motion capture system (Vicon Motion Systems, Oxford, UK). The anteroposterior margins 
of stability (MoS) were calculated at foot touchdown (determined using tibia accelerometer 
data (ADXL250; Analog Devices, Norwood, MA, USA)) as the difference between the 
anterior boundary of the BoS (anteroposterior component of the toe projection to the 
ground) and the extrapolated CoM as defined by Hof et al. (2005).  
The parameters of interest were MoS at baseline, at touchdown of the perturbed 
step during the single perturbation period and of the first six and last five steps during 
the sustained perturbation period. This method was used due to recording limitations of 
the motion capture system, which could not record all 18 stride cycles. In order to examine 
locomotor adaptation, we calculated the MoS adaptation magnitude in a similar manner 
to Bierbaum et al. (2011) for the early and late adaptation phases of the sustained 
perturbation period as follows: 
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Adaptation Magnitude = (1 −
𝑀𝑜𝑆𝐴𝑑𝑎𝑝𝑡𝑃𝑒𝑟𝑖𝑜𝑑 − 𝑀𝑜𝑆𝐵𝑎𝑠𝑒
𝑀𝑜𝑆𝑆𝑖𝑛𝑔𝑙𝑒 − 𝑀𝑜𝑆𝐵𝑎𝑠𝑒
) × 100 
where 𝑀𝑜𝑆𝐴𝑑𝑎𝑝𝑡𝑃𝑒𝑟𝑖𝑜𝑑 is either the mean MoS of the first or last three perturbed steps (early 
or late adaptation period), 𝑀𝑜𝑆𝑆𝑖𝑛𝑔𝑙𝑒 is the MoS at touchdown of the perturbed step during 
the single perturbation period, and 𝑀𝑜𝑆𝐵𝑎𝑠𝑒 is baseline MoS. Finally, in order to examine 
aftereffects, we compared the BoS during baseline with the step after the unexpected 
removal of the resistance. 
A two-way repeated measures ANOVA with age and step (baseline, single 
perturbation period step, and the first six and last five steps of the sustained perturbation 
period) as factors was used to examine age and step related differences in the MoS. 
Differences in adaptation magnitude were examined using a two-way repeated measures 
ANOVA with age and adaptation phase (early and late) as factors. To assess potential 
aftereffects in the BoS, a two-way repeated measures ANOVA with age group and task 
period (base and post-perturbation) as factors was conducted. Duncan's Tests were applied 
for pairwise comparisons. The significance level was α=0.05. Results are presented as 
mean and standard error. 
 
Results 
A significant age by step interaction was found for the MoS (p < 0.05) indicating that the 
effect of age on the MoS was step specific (Fig. 1). Post-hoc tests revealed no significant 
differences between groups during baseline. During the single perturbation period, all 
groups demonstrated significantly lower MoS in comparison to baseline (p < 0.05) with no 
between age group differences. Significantly lower MoS compared to baseline was found 
for all groups for all steps in the sustained perturbation period (p < 0.05). The older age 
group demonstrated significantly lower MoS for the first six steps of the sustained 
perturbation period (p < 0.05) compared with the younger groups, however there were no 
significant differences in MoS between the age groups for the last five steps (steps 14-18; 
p > 0.05).  
Regarding the adaptation magnitude, the ANOVA revealed a significant age by 
adaptation phase interaction (p < 0.05; Fig. 2). Post-hoc tests revealed significant 
differences between age groups only during the early adaptation phase, with the older 
group showing a significantly lower adaptation magnitude (p < 0.05; Fig. 2). At touchdown 
of the final measured step with the resistance unexpectedly removed, significant 
aftereffects were seen in all groups, with a significantly increased BoS (p < 0.05; Fig. 3) 
compared to baseline, with no significant differences found between the age groups (p > 
0.05; Fig. 3).  
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Fig. 1: Margin of stability (MoS) analysis. MoS at foot touchdown (mean and SE) during non-
perturbed walking (Base: average of 6 consecutive steps) and during the single and sustained 
perturbation periods for 11 young, 11 middle-aged and 14 older female adults while walking 
on the treadmill at 1.4 m/s. All single and sustained perturbation period values were 
significantly lower than baseline for all groups (p < 0.05). *: Statistically significant difference 
between the older group and the young and middle-aged groups with no differences between 
the young and middle-aged groups (p < 0.05). 
 
Fig. 2: Adaptation magnitude in MoS in the early and late adaptation phases. The adaptation 
magnitude for all groups in the early (first three steps) and late (last three steps) adaptation 
phases in MoS in reference to the single perturbation period. 1 and 2: Statistically significant 
difference during the early adaptation period to the young and middle-aged groups 
respectively (p < 0.05). *: Statistically significant difference to the early adaptation period for 
all groups (p < 0.05). 
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Fig. 3: Aftereffects in the BoS. The BoS for all age groups during non-perturbed walking 
(Base) and in the first step after the resistance was unexpectedly removed (Post-Pert). *: 
Statistically significant difference in the BoS between Post-Pert and Base for all groups (p < 
0.05). 
 
Discussion 
We aimed to examine locomotor stability and adaptation in response to a sustained 
perturbation in young, middle and older-aged female adults. Our hypothesis, that older 
adults remain capable of adapting to external gait perturbations, but not to the same 
extent as younger adults, was partly supported, as the older adults demonstrated a similar 
adaptation magnitude of the MoS to the young and middle-aged adults by the end of the 
sustained perturbation period. However, in the first three steps of the sustained 
perturbation period, the older adults showed significantly lower MoS adaptation 
magnitude compared to the young and middle-aged groups, suggesting that while they 
could adapt to a similar magnitude, this occurred slower than in the younger groups. This 
declined rate of adaptation was not present in middle-aged adults. 
The MoS adaptation magnitude was significantly decreased in the early adaptation 
phase for the older group compared to the other groups. This indicates that adaptations 
made following the initial single perturbation were not as substantial in the older group 
as in the other groups, indicating a higher risk for older adults in situations with 
perturbations in quick succession (e.g. uneven terrain). That being said, all age groups 
demonstrated significant improvements in MoS adaptation magnitude by the late 
adaptation phase, suggesting that the locomotor adaptability was not diminished in any 
age group. Similar results were seen in the BoS, showing that older adults struggled to 
cope with the early perturbations (see Fig. S1 in the Supplementary Material). 
Our analysis of the aftereffects in the BoS support the role of a recalibration of 
locomotion in our participants, as all subject groups showed a significant increase in the 
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BoS after the resistance was removed (Fig. 3). These findings suggest that the 
recalibration of motor commands may not be significantly affected by aging, although 
adaptation may occur more quickly in younger than in older adults. The aftereffects 
indicate either, that older adults are able to retain adaptations after only a few 
perturbations, or that they demonstrate perseverance after resistance removal. However, 
to specifically investigate this, many more perturbations would be required, which due to 
the task’s physical demand, was not considered feasible.  
While Bruijn et al. (2012) reported deficient step length adaptation in older adults, 
their walking speed was substantially slower than our 1.4m/s, which may not have 
required such significant adaptation rates or magnitudes to continue safe forward 
progression of gait. An additional consideration is the range of different perturbations 
used across studies, as these could have different effects on the magnitude of adaptations 
required to maintain stability. A final consideration is that we analyzed three age cohorts, 
and did not longitudinally follow participants as they grew older, and therefore, our 
conclusions should be interpreted with this in mind.  
In conclusion, our results provide evidence that with aging, the ability to 
recalibrate locomotion to control stability is preserved. However, a deficient rate of 
locomotor adaptation can be seen in old age, which may have implications for training 
interventions and falls prevention.  
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Supplementary Material  
Methods  
Margin of Stability Analysis 
Our twelve segment full body kinematic model consisted of left and right feet, left and 
right lower legs, left and right thighs, trunk, left and right lower arms, left and right upper 
arms, and head. 26 retro reflective markers (radius 16mm) were attached to anatomical 
landmarks on the skin and the 3D coordinates of the markers were recorded by the Vicon 
Nexus motion capture system. The motion capture system was comprised of eight infrared 
cameras operating at 120 Hz and the 3D coordinates of the markers were smoothed using 
a Woltring filter routine with a mean squared error of five (Woltring, 1986). Segmental 
masses and their location were calculated based on the data reported by Dempster et al. 
(1959). Foot touchdown was determined using tibial acceleration data, measured by two-
dimensional accelerometers (ADXL250; Analog Devices, Norwood, MA, USA) and in 
addition, foot touchdowns were visually checked by the investigators using a video camera 
(60 Hz) which was synchronised with the motion capture and accelerometry data. The 
anteroposterior margins of stability (MoS) during gait were calculated as the difference 
between the anterior boundary of the base of support (BoS; anteroposterior component of 
the projection of the toe to the ground) and the extrapolated center of mass (XCoM) as 
defined by Hof et al. (2005). This method has been previously validated by Arampatzis et 
al. (2008). We also considered the anteroposterior velocity of the BoS (the average velocity 
of the toe marker during the stance phase, which is approximately equal to the treadmill 
belt speed) as in previous work (Süptitz et al., 2012, Süptitz et al., 2013, McCrum et al., 
2014). XCoM was defined as follows: 
XCoM = PCoM+ 
(VCoM+ |VBoS|)
√
g
L
 
where PCoM represents the anteroposterior component of the projection of the CoM to the 
ground, VCoM represents the anteroposterior velocity of the CoM, VBoS represents the 
anteroposterior velocity of the anterior boundary of the BoS, g is acceleration due to 
gravity and L is the distance between the CoM and the center of the ankle joint in the 
sagittal plane. The BoS was defined as the distance between the anterior boundaries of 
the leading and trailing foot at touchdown, using the distance between the vertical 
projections of the respective toe markers. All anteroposterior positions determined from 
the motion capture data (CoM, XCoM, and BoS anterior boundary) were normalized to the 
toe marker of the trailing foot (BoS posterior boundary), in order to account for differences 
in participants’ locations on the treadmill. 
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Results 
 
 
Fig. S1: Base of Support (BoS) analysis. BoS at foot touchdown (mean and SE) during non-
perturbed walking (Base: average of 6 consecutive steps) and during the single and sustained 
perturbation periods for 11 young, 11 middle-aged and 14 older female adults while walking 
on the treadmill at 1.4 m/s. A two-way repeated measures ANOVA with age and step 
(baseline, single perturbation period step, and the first six and last five steps of the sustained 
perturbation period) as factors revealed a significant age by step interaction. Post-hoc tests 
revealed no significant differences between groups during baseline. During the single 
perturbation period, all groups demonstrated significantly lower BoS in comparison to 
baseline (p < 0.05) with no between age group differences. The older age group demonstrated 
significantly lower BoS for the first six steps of the sustained perturbation period (p < 0.05) 
compared with the younger groups. *: Statistically significant difference between the older 
group and the young and middle-aged groups with no differences between the young and 
middle-aged groups (p < 0.05). 
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Part Three: 
Gait Perturbation Methodology 
 
 
 
 “There are so many ways to account for negative outcomes that it is safer to doubt one’s methods 
before doubting one’s subjects.”  
– Frans de Waal 
 
 
“Perfection is not attainable. But if we chase perfection, we can catch excellence.”  
– Vince Lombardi 
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Abstract 
Background: Falls are a leading cause of injury among older adults and most often occur 
during walking. While strength and balance training moderately improve falls risk, 
training reactive recovery responses following sudden perturbations during walking may 
be more task-specific for falls prevention. The aim of this review was to determine the 
variety, characteristics and effectiveness of gait perturbation paradigms that have been 
used for improving reactive recovery responses during walking and reducing falls among 
healthy older adults. 
Methods: A systematic search was conducted in PubMed, Web of Science, MEDLINE and 
CINAHL databases in December 2015, repeated in May 2016, using sets of terms relating 
to gait, perturbations, adaptation and training, and ageing. Inclusion criteria: studies 
were conducted with healthy participants of 60 years or older; repeated, unpredictable, 
mechanical perturbations were applied during walking; and reactive recovery responses 
to gait perturbations or the incidence of laboratory or daily life falls were recorded. Results 
were narratively synthesised. The risk of bias for each study (PEDro Scale) and the levels 
of evidence for each perturbation type were determined. 
Results: In the nine studies that met the inclusion criteria, moveable floor platforms, 
ground surface compliance changes, or treadmill belt accelerations or decelerations were 
used to perturb the gait of older adults. Eight studies used a single session of 
perturbations, with two studies using multiple sessions. Eight of the studies reported 
improvement in the reactive recovery response to the perturbations. Four studies reported 
a reduction in the percentage of laboratory falls from the pre- to post-perturbation 
experience measurement and two studies reported a reduction in daily life falls. As well 
as the range of perturbation types, the magnitude and frequency of the perturbations 
varied between the studies. 
Conclusions: To date, a range of perturbation paradigms have been used successfully to 
perturb older adults’ gait and stimulate reactive response adaptations. Variation also 
exists in the number and magnitudes of applied perturbations. Future research should 
examine the effects of perturbation type, magnitude and number on the extent and 
retention of the reactive recovery response adaptations, as well as on falls, over longer 
time periods among older adults. 
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Background 
Falls are a leading cause of injury among older adults, with hip fractures (Lord et al., 1993, 
Cali and Kiel, 1995, Terroso et al., 2013, Boye et al., 2014) and head injuries (Terroso et 
al., 2013, Boye et al., 2014) among the more severe consequences. Falls most often occur 
during walking (Tinetti et al., 1988, Berg et al., 1997, Li et al., 2006, Kelsey et al., 2012, 
Robinovitch et al., 2013), which is also the most common activity prior to falls that lead to 
injury or hospital admission (Cali and Kiel, 1995, Boye et al., 2014). Slipping and tripping 
during walking are the most common causes of falls among older adults (Blake et al., 1988, 
Tinetti et al., 1988, Downton and Andrews, 1991, Lord et al., 1993, Berg et al., 1997, Li et 
al., 2006), which represent failures to predictively (before the perturbation) or reactively 
(after the perturbation) adapt to changes and challenges in the environment. Therefore, 
there is a need to physically prepare older adults for situations where unexpected 
mechanical disturbances to gait could occur.  
Lower limb muscle strength (Grabiner et al., 2005, Karamanidis et al., 2008, 
Pijnappels et al., 2008a, Pijnappels et al., 2008b, Carty et al., 2012a, Carty et al., 2012b, 
Senden et al., 2014, Graham et al., 2015, Ding and Yang, 2016, Epro et al., 2016) and 
tendon stiffness (Karamanidis et al., 2008) have been associated with stability recovery 
performance following different balance and gait perturbations, with greater muscle 
strength and tendon stiffness generally showing modest associations with more effective 
stability maintenance or recovery. General exercise interventions (combinations of 
strength, balance and aerobic exercises) have generally resulted in moderate reductions 
(14-17%) in falls incidence among older adults (Chang et al., 2004, Sherrington et al., 2008, 
Gillespie et al., 2012), which reflects the modest associations observed between muscle-
tendon properties and stability performance. While these reductions are statistically 
significant, the fact that greater reductions in falls incidence are not seen may be 
explained by the fact that general exercise interventions often lack specificity to the 
balance recovery mechanisms that are needed following balance loss, such as 
compensatory stepping, counter rotation or grasping actions (Maki and McIlroy, 2006, Hof, 
2007). Balance maintenance requires a complex interaction of several mechanisms and 
hence, improved balance control in one task in particular is not likely to be of benefit 
during other tasks (Kummel et al., 2016). Accordingly, only negligible associations 
between static posturography and dynamic stability performance (forward lean-and-
release and slip/trip recovery tasks) have been reported (Owings et al., 2000, Mackey and 
Robinovitch, 2005, Bhatt et al., 2011, McCrum et al., 2017a). Therefore, testing and 
training tasks more specific to balance recovery mechanisms may provide more insight 
and benefit for falls reduction and prevention. 
It has previously been suggested that training involuntary compensatory recovery 
responses following sudden perturbations is more task specific than general strength and 
balance exercise for preventing a fall after a loss of balance (Oddsson et al., 2007, Grabiner 
et al., 2008, Granacher et al., 2011, Grabiner et al., 2014). Even voluntary stepping 
exercise, such as multidirectional stepping to targets, is not as specific as involuntary, 
reactive compensatory stepping where faster movement speeds and an inability to make 
use of anticipatory postural adjustments are characteristic (Luchies et al., 1999, Oddsson 
et al., 2007, Granacher et al., 2011). Eliciting involuntary, reactive compensatory stepping 
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by applying unexpected perturbations during walking also increases the task specificity, 
as most falls occur during walking (Tinetti et al., 1988, Berg et al., 1997, Li et al., 2006, 
Kelsey et al., 2012, Robinovitch et al., 2013). However, in order to benefit from this kind 
of training, the participants must be capable of adapting their reactive recovery responses 
during gait.  
Reactive recovery responses are required to cope with unexpected perturbations to 
gait in order to continue safe locomotion. We define reactive recovery responses here as 
feedback-driven adaptations in gait in response to mechanical disturbances to the regular 
gait pattern. The first step of such a response is recognising the onset of the perturbation, 
achieved though integration of visual, somatosensory and vestibular sensory information. 
The contribution of each sensory system may vary with perturbation type due to 
differences in the perception of motion (Arena et al., 2016). Stability can then be recovered 
through a number of strategies, such as compensatory stepping, counter rotation or 
grasping actions (Hof et al., 2005, Maki and McIlroy, 2006). In situations where 
compensatory stepping is required to maintain balance, the spatiotemporal characteristics 
of the step (e.g. direction, timing and amplitude) need to match the requirements for 
optimal control of stability given the specific environmental constraints. Such reactive 
responses appear to involve spinal locomotor networks, as chronic spinal cats (Forssberg 
et al., 1975, Forssberg et al., 1977), as well as human infants prior to independent walking 
(Lam et al., 2003) exhibit well organised reflex responses (increased swing limb flexion 
and limb flexor activation) to paw and foot touches during leg swing that simulate a 
potential trip hazard. Critically, adaptation of these responses has been reported following 
repeated paw and foot (dorsum) touches in spinal cats (Zhong et al., 2012) and human 
infants (Pang et al., 2003), suggesting that spinal locomotor networks are plastic. 
Therefore, older adults’ reactive recovery responses following gait perturbations may, in 
part, be improved with repetition via these reflexes. While there is evidence to suggest 
that certain neurological patient populations may be limited in their reactive adaptation 
potential during gait (patients with vestibulopathy (McCrum et al., 2014) and Parkinson’s 
disease (Moreno Catala et al., 2016), for example), the ability to adapt in a reactive or 
predictive manner to repeated perturbations appears to be largely unaffected by non-
pathological ageing (Pavol et al., 2004, Barrett et al., 2012, Carty et al., 2012c, McCrum 
et al., 2014, Bohm et al., 2015, Dijkstra et al., 2015, McCrum et al., 2016a). 
When applied in prevention and rehabilitation settings, the use of sudden, 
unexpected mechanical perturbations during stance or gait is often termed perturbation-
based balance training (Mansfield et al., 2010, Bieryla and Madigan, 2011, Granacher et 
al., 2011, Mansfield et al., 2015b). The goal of such training is to target the specific 
mechanisms of balance recovery related to reducing falls such as compensatory stepping, 
counter rotation or grasping actions (Hof et al., 2005, Maki and McIlroy, 2006). Aside from 
these movement strategies to maintain balance, factors such as reaction time, perception 
of losses of balance and speed of sensory information processing are challenged and may 
improve with perturbation training. Two recent meta-analyses of randomised controlled 
trials (RCTs) have reported significantly lower post-training falls incidence among older 
adults who took part in such training (note that Okubo et al. (2017) also included voluntary 
stepping training interventions in their meta-analysis) (Mansfield et al., 2015b, Okubo et 
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al., 2017). These meta-analyses focussed on RCTs that assessed falls incidence, which may 
mean that non-RCT studies or studies that did not report falls data, but nonetheless 
included relevant information on reactive recovery responses following perturbations, may 
have been omitted. Additionally, of the included studies in these meta-analyses, only four 
were conducted with healthy older adults and applied sudden, unexpected perturbations 
during walking (Bhatt et al., 2012, Parijat and Lockhart, 2012, Lurie et al., 2013, Pai et 
al., 2014a), three of which used very similar perturbation paradigms. As a result, it is 
difficult to determine, based on these studies, the variety, characteristics (e.g. 
perturbation type, magnitude, standardisation, scaling, progression etc.) and effectiveness 
of gait perturbation paradigms that could be used with older adults for improving reactive 
recovery responses and preventing or reducing falls. Therefore, we systematically 
searched for all studies that applied unexpected mechanical disturbances during walking 
in healthy older adults and assessed changes in reactive recovery responses or falls 
incidence, in order to determine the variety, characteristics and effectiveness of methods 
that have been used to date for improving reactive recovery responses during walking 
(using spatiotemporal or biomechanical parameters) and reducing falls (defined using the 
number of daily life or laboratory-induced falls after exposure to the perturbation 
paradigms) among healthy older adults. 
 
Methods 
A systematic search of PubMed, Web of Science, MEDLINE and CINAHL databases was 
conducted with sets of terms relating to gait (gait, locomotion, walk, walking), 
perturbations (agility, balance loss, dynamic balance, dynamic stability, perturb*, slip*, 
surface translation, trip, tripping, waist pull), ageing (age, ageing, aged, aging, elderly, 
old, older, senior), and adaptation or training (adaptation, adaptive, adjustments, exercise, 
rehabilitation, repeated, repetition, responses, task, training). An additional file detailing 
the search terms for each database is available [Additional file 1]. This broad range of 
terms was used due to the large variance in terminology used in the literature to describe 
the tasks and underlying mechanisms of interest, as well as the fact that reactive stability 
tasks are not always specifically described in the titles and abstracts of larger intervention 
studies. The initial search was conducted on December 16th 2015, with the final check for 
recent literature conducted on May 18th 2016. Two of the authors independently screened 
titles, abstracts and full texts for inclusion. It was planned that disagreements regarding 
inclusion would be discussed and when an agreement could not be reached, a third author 
would be consulted, but this was not required as the two authors agreed on the articles 
included and excluded. Inclusion criteria stipulated that the studies were conducted with 
healthy participants with a mean age of 60 years or older, that the studies applied 
repeated mechanical perturbations of an unpredictable or unannounced nature during 
walking, and that reactive recovery responses to gait perturbations or the incidence of 
laboratory or daily life falls were recorded. The inclusion process for this review, including 
the number of articles excluded at each stage can be seen in Figure 1. Once the articles to 
be included were finalised, a risk of bias assessment using the Physiotherapy Evidence 
Database (PEDro) Scale (Maher et al., 2003, de Morton, 2009) was carried out for each 
article. The PEDro website was consulted and when scores for the included articles were 
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available, these were used. For the remaining articles, two authors independently scored 
the articles and then compared and discussed the scores before finalising them. Following 
this, the level of evidence was determined (as described by Teasell et al. (2007)) for each 
type of perturbation used in the included studies. 
 
Results 
Systematic Search Results 
The complete search and inclusion process can be seen in Figure 1. The search yielded 
5223 records, which was reduced to 3332 after duplicates were removed. The title 
screening excluded 3113 records, after which the remaining 219 articles’ abstracts were 
assessed for inclusion. 27 full texts were then assessed and nine articles met all inclusion 
criteria. The reasons for exclusion at the full text screening stage can be found in Figure 
1. 
 
 
 
Fig. 1: Flowchart of systematic search and article inclusion and exclusion process. 
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Summary of Included Studies 
The systematic search and inclusion process yielded nine studies that met all inclusion 
criteria. A summary of the participants, the perturbation paradigms, the assessment 
methods for reactive recovery responses and falls incidence, and the main results of the 
included articles are reported in Table 1. In these nine studies, moveable floor platforms 
(Pai et al., 2010, Bhatt et al., 2012, Parijat and Lockhart, 2012, Pai et al., 2014a, Pai et 
al., 2014b), ground surface compliance changes (Bierbaum et al., 2010, Bierbaum et al., 
2011) and treadmill belt accelerations or decelerations (Sakai et al., 2008, Lurie et al., 
2013) were used to perturb the gait of older adults. Eight of the studies used a single 
session of perturbations (Sakai et al., 2008, Bierbaum et al., 2010, Pai et al., 2010, 
Bierbaum et al., 2011, Bhatt et al., 2012, Parijat and Lockhart, 2012, Pai et al., 2014a, Pai 
et al., 2014b), with two studies using multiple sessions (Bhatt et al., 2012, Lurie et al., 
2013). Eight of the studies reported improvement in some measure of the reactive recovery 
response to the perturbations (Sakai et al., 2008, Bierbaum et al., 2010, Pai et al., 2010, 
Bierbaum et al., 2011, Bhatt et al., 2012, Parijat and Lockhart, 2012, Lurie et al., 2013, 
Pai et al., 2014b). Four studies observed a reduction in the percentage of laboratory falls 
from the pre- to post-perturbation experience measurements (Pai et al., 2010, Bhatt et al., 
2012, Parijat and Lockhart, 2012, Pai et al., 2014b) and two studies reported a reduction 
of daily life falls (Lurie et al., 2013, Pai et al., 2014a). While most of the included studies 
were conducted with healthy, community dwelling older adults, it is important to note that 
Lurie et al. (2013) included participants referred for gait and balance training by their 
primary care provider, but no specific diagnoses or conditions were mentioned.  
 
Perturbation Paradigms 
In the nine included studies, moveable floor platforms used for simulating slips were the 
most commonly used perturbation type (Pai et al., 2010, Bhatt et al., 2012, Parijat and 
Lockhart, 2012, Pai et al., 2014a, Pai et al., 2014b). In these five studies, participants 
walked at self-selected speeds (Pai et al., 2010, Bhatt et al., 2012, Parijat and Lockhart, 
2012, Pai et al., 2014a, Pai et al., 2014b). In four of these five studies, the platforms could 
freely slide up to 90 cm whereas in the other study, the velocity was controlled (limited to 
a velocity of 1.2 m/s and maximum acceleration of 20 m/s2) and the maximum displacement 
was only 30 cm (Parijat and Lockhart, 2012). In the 90 cm sliding platform condition, the 
platforms were unlocked at foot touchdown, detected by the force plates, using a 
mechanical locking mechanism. The papers describe the platforms as low friction and 
while exact velocity of the platforms’ slides are not reported (these will have varied due to 
different walking velocities and limb or body configurations at touchdown), the percentage 
of older adults who fell during the first slip ranged from 42.5% to 56%, indicating the 
reasonably high magnitude and impact of the perturbation (Pai et al., 2010, Bhatt et al., 
2012, Pai et al., 2014a, Pai et al., 2014b). These four studies used a protocol containing 24 
slips in 37 walking trials, whereas Parijat and Lockhart (2012) applied 12 slips in 24 
walking trials.  
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Ground surface compliance changes were applied in two of the included studies 
(Bierbaum et al., 2010, Bierbaum et al., 2011). This perturbation consisted of a section of 
the walkway that could be replaced with a soft element without a visible difference to the 
normal hard surface. The soft element was composed of a 17 cm thick piece of foam with 
an average deformation of about 10 cm for the participants (Bierbaum et al., 2010, 
Bierbaum et al., 2011). In both studies, the measurements began with three baseline 
walking trials where the hard element was used (Bierbaum et al., 2010, Bierbaum et al., 
2011). In the first study, 19 walking trials were conducted after baseline, where only the 
2nd, 8th and 19th trials used the hard surface (Bierbaum et al., 2010). While this paradigm 
was used to assess predominantly predictive, feedforward locomotor adaptation during 
repeated soft surface trials, we may assume that reactive, feedback-driven locomotor 
adaptations played a role in the first four soft surface trials, as the participants were not 
aware which surface would be used on a given trial. The second study was, however, 
specifically designed to assess reactive adaptation, where 28 trials in total were conducted, 
with only five soft surface trials interspersed throughout the hard surface trials (Bierbaum 
et al., 2011). Improvements in stability control were seen during both the first four soft 
surface trials in the first study (Bierbaum et al., 2010) and by the fourth soft surface trial 
of the second study (Bierbaum et al., 2011). However, as these studies did not report 
numbers of lab or daily life falls, it is difficult to determine the impact such a perturbation 
paradigm could have, when used as training, on daily life falls incidence. In these studies, 
walking speed was set at 60% of walk-to-run velocity, based on walking trials conducted 
before the perturbation trials (Bierbaum et al., 2010, Bierbaum et al., 2011). 
Finally, two studies used treadmill belt accelerations or decelerations (Sakai et al., 
2008, Lurie et al., 2013) to perturb the gait of their participants. Sakai et al. (2008) used 
a deceleration perturbation during walking at 2 km/h, resulting in a 50% reduction in belt 
speed at heel strike over 0.5 s. This perturbation was applied 20 times during five minutes 
of walking. Lurie et al. (2013) used a combination of treadmill belt accelerations and 
decelerations during both stance and gait, but did not report the exact number of 
perturbations used in their study, as the perturbation type (stance or gait), magnitude 
(scale of 1-5; no velocity/acceleration values reported) and number was determined by a 
physical therapist for each participant individually. The authors determined the 
perturbation magnitude based on the treadmill belt pulse peak velocity, elapsed time to 
peak velocity, elapsed time during which the peak velocity was maintained, and time 
required to decelerate the treadmill belt to zero velocity, but these values or ranges were 
not reported (Lurie et al., 2013). On average, the participants completed approximately 
six sessions of 45 minutes and the sessions were progressive in terms of perturbation 
magnitude, based on the physical therapist’s judgement (Lurie et al., 2013). 
 
Reactive Recovery Responses and Falls Reduction in the Included Studies 
In the included studies, perturbation paradigms including four (Bierbaum et al., 2010), 
five (Bierbaum et al., 2011), 12 (Parijat and Lockhart, 2012) and 24 (Pai et al., 2010, Bhatt 
et al., 2012, Pai et al., 2014a, Pai et al., 2014b) perturbations led to improved reactive 
recovery responses to the disturbances, with one study showing transfer to another 
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perturbation task (Parijat and Lockhart, 2012). Lurie et al. (2013) reported that the mean 
perturbation magnitude of successfully negotiated perturbations significantly increased 
from the first to final session. Sakai et al. (2008) found that the mean peak anteroposterior 
acceleration (determined using an accelerometer attached to the sacrum) was significantly 
reduced in the final 10 perturbations, in comparison to the first 10, indicating an improved 
reactive recovery response. Four of the included studies reported a reduction in the 
percentage of participants who fell from 42.5% to 56% during the first perturbation, to 0% 
following 12 (Parijat and Lockhart, 2012) and 24 (Pai et al., 2010, Bhatt et al., 2012, Pai 
et al., 2014b) perturbations, with one of the 24 perturbation studies reporting a reduction 
to 5% after only five perturbations (Pai et al., 2010). Pai et al. (2014a) reported a 50% 
reduction in daily life falls in the 12 months following the perturbation session. Lurie et 
al. (2013) reported that their intervention group participants experienced fewer falls (19% 
vs. 33%) and fewer falls that led to injuries (8% vs. 18%) in comparison to the control 
group, but these were not statistically significant as the study was not powered to detect 
changes in falls incidence. 
PEDro Scale scores of the included articles can be found in Table 2. The mean score 
of all articles was 3.33, with only three studies receiving a score of four or higher. The 
levels of evidence for the different perturbation paradigms of the included studies are 
presented in Table 3. Based on the definitions provided by Teasell et al. (2007), strong 
evidence exists only for moveable platform perturbations, as two or more RCTs have 
demonstrated beneficial effects of experiencing this type of perturbation on reactive 
recovery responses and falls incidence. Moderate evidence exists for treadmill-based 
perturbations as only one RCT has reported beneficial effects to date. Finally, the level of 
evidence for surface change perturbations was limited, as no RCTs have been conducted 
using this type of gait perturbation. 
 
Table 2: PEDro Scale scores for individual studies included in this review 
Study 
PEDro Scale Item 
1a 2 3 4 5 6 7 8 9 10 11 Total 
Bhatt et al. (2012)* Yes 1 0 1 0 0 0 0 0 1 1 4 
Bierbaum et al. (2010) No 0 0 0 0 0 0 0 0 1 1 2 
Bierbaum et al. (2011) No 0 0 0 0 0 0 0 0 1 1 2 
Lurie et al. (2013)* Yes 1 1 1 0 0 0 1 0 1 1 6 
Pai et al. (2010) Yes 0 0 0 0 0 0 0 0 1 1 2 
Pai et al. (2014a)* Yes 1 0 1 0 0 0 0 1 1 1 5 
Pai et al. (2014b) Yes 0 0 1 0 0 0 0 0 1 1 3 
Parijat and Lockhart (2012) No 1 0 0 0 0 0 0 0 1 1 3 
Sakai et al. (2008) No 0 0 0 0 0 0 1 1 0 1 3 
PEDro Scale Items: 1: Eligibility criteria were specified; 2: Subjects were randomly allocated to groups; 3: Allocation was 
concealed; 4: The groups were similar at baseline regarding the most important prognostic indicators; 5: There was blinding 
of all subjects; 6: There was blinding of all therapists who administered the therapy; 7: There was blinding of all assessors 
who measured at least one key outcome; 8: Measures of at least one key outcome were obtained from more than 85% of the 
subjects initially allocated to groups; 9: All subjects for whom outcome measures were available received the treatment or 
control condition as allocated or, where this was not the case, data for at least one key outcome was analysed by "intention 
to treat"; 10: The results of between-group statistical comparisons are reported for at least one key outcome; 11: The study 
provides both point measures and measures of variability for at least one key outcome. Ratings: No/unclear = 0, Yes = 1. 
a: Not included in total score. 
*: Scores obtained from PEDro website (http://www.pedro.org.au). 
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Table 3: Level of evidence per perturbation type for improving reactive responses and/or 
falls risk  
*Level of evidence based on Teasell et al. [61]: Strong Evidence: Two or more RCTs with PEDro scores of 4 or higher; 
Moderate Evidence: One RCT with a PEDro score of 4 or higher; Limited Evidence: At least one non-RCT (i.e. prospective 
or retrospective controlled trials, single group studies etc.).  
 
Discussion 
The aim of this systematic review was to determine the variety, characteristics and 
effectiveness of methods that have been used to date for improving reactive recovery 
responses during walking and reducing falls among healthy older adults. To achieve this, 
a systematic search for studies with healthy older adults that applied unexpected 
mechanical disturbances during walking and assessed changes in reactive recovery 
responses or falls incidence was conducted. After screening, nine articles met the inclusion 
criteria. Moveable floor platforms (Pai et al., 2010, Bhatt et al., 2012, Parijat and Lockhart, 
2012, Pai et al., 2014a, Pai et al., 2014b), ground surface compliance changes (Bierbaum 
et al., 2010, Bierbaum et al., 2011) and treadmill belt accelerations or decelerations (Sakai 
et al., 2008, Lurie et al., 2013) have been used to perturb the gait of older adults with the 
aim of stimulating adaptations in the reactive response. Eight of the nine studies reported 
improvement in the reactive recovery response (Sakai et al., 2008, Bierbaum et al., 2010, 
Pai et al., 2010, Bierbaum et al., 2011, Bhatt et al., 2012, Parijat and Lockhart, 2012, Lurie 
et al., 2013, Pai et al., 2014b), four studies reported a reduction in laboratory falls (Pai et 
al., 2010, Bhatt et al., 2012, Parijat and Lockhart, 2012, Pai et al., 2014b) and two studies 
reported a reduction in daily life falls (Lurie et al., 2013, Pai et al., 2014a). As well as the 
range of perturbation types, the magnitude and frequency of the perturbations varied 
between the studies. 
Regarding the number and magnitude of the moveable platform perturbations, one 
study (Parijat and Lockhart, 2012) applied 50% fewer perturbations with a smaller 
magnitude in comparison to the other studies utilizing platforms (Pai et al., 2010, Bhatt 
et al., 2012, Pai et al., 2014a, Pai et al., 2014b). Despite this difference in magnitude and 
number of perturbations, all studies found statistically significant improvements in 
various measures, including a reduction in the number of trials where participants 
required support from the safety harness (classed as falls). Combined with the fact that 
one of the studies reported that the majority of the improvements occurred within the first 
five perturbation trials (Pai et al., 2010), it appears that healthy older adults can benefit 
from experiencing only a few moveable platform perturbations. This could be important 
for future research and application in clinical settings, as this implies that the minimum 
effective dose of such perturbations could be very low. However, more research is needed 
to determine if such a low number of perturbations would also yield long term benefits, in 
addition to these acute benefits seen in the lab. 
Perturbation Type 
Studies Reporting Beneficial 
Effects 
Negative Studies 
(with sufficient 
power) Level of 
Evidence* RCTs Non-RCTs RCTs Non-RCTs 
Moveable floor platform 3 2 0 0 Strong 
Treadmill 
(acceleration/deceleration) 
1 1 0 0 Moderate 
Surface Change 0 2 0 0 Limited 
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In order to fully understand and interpret the results of gait perturbation studies, 
it is important to consider how walking speed and perturbation magnitudes were 
controlled or scaled based on the participants included. Concerning the studies included 
in this review, the five studies using moveable floor platforms had participants walking at 
self-selected speeds (Pai et al., 2010, Bhatt et al., 2012, Parijat and Lockhart, 2012, Pai et 
al., 2014a, Pai et al., 2014b). Other than walking speed, no scaling or standardisation of 
the paradigm based on the participants was conducted, apart from an increase or decrease 
of 20% platform slip velocity in the study of Parijat and Lockhart (2012) which was based 
on participants’ performance during the session. In the two ground surface compliance 
change perturbation studies, walking speed was set at 60% of walk-to-run velocity, based 
on walking trials conducted before the main measurements and the perturbation itself 
was not adjusted based on the participants (Bierbaum et al., 2010, Bierbaum et al., 2011). 
Concerning the two treadmill-based paradigms, Sakai et al. (2008) used a set walking 
speed of 2 km/h for all participants with no changes in the perturbation, while Lurie et al. 
(2013) used individualised walking speeds and perturbation intensities based on the 
abilities of the participants (values or ranges of speeds and magnitudes were not reported) 
(Lurie et al., 2013). Due to individual differences in locomotor capacities, using the same 
walking speed for all participants (as in: Sakai et al., 2008) may lead to some being more 
challenged than others by the perturbations applied. This may lead to floor or ceiling 
effects in the adaptation to perturbations, which may be particularly problematic when 
comparing groups of different locomotor capacities (McCrum et al., 2016b). In the same 
manner, using the same (or similar) perturbations for participants with different 
capacities (Sakai et al., 2008, Bierbaum et al., 2010, Pai et al., 2010, Bierbaum et al., 2011, 
Bhatt et al., 2012, Pai et al., 2014a, Pai et al., 2014b) may lead to similar issues, as one 
individual or group may require relatively more substantial adaptation than others to 
maintain stability. When using a self-selected (as in: Pai et al., 2010, Bhatt et al., 2012, 
Pai et al., 2014a, Pai et al., 2014b) or individually standardised (as in: Bierbaum et al., 
2010, Bierbaum et al., 2011) walking speed, faster walking speeds may make stability 
recovery more difficult following a perturbation, compared to slower speeds, due to a 
higher forward velocity, and therefore a reduced margin of stability in the forward 
direction (Süptitz et al., 2012). How the interaction of walking speed and perturbation 
magnitude influences reactive recovery responses and adaptation to perturbations in 
different age and patient groups remains a question for future studies. 
As well as the type, number and magnitude of perturbations, perturbation direction 
may be an important feature of such paradigms with regard to daily life falls reduction. 
In the studies included in this review, perturbations were mostly applied in anterior or 
posterior directions. This is noteworthy, as it is well documented that mediolateral 
stability declines with age (Maki et al., 2000, Mille et al., 2005, Schrager et al., 2008, Mille 
et al., 2013, Singer et al., 2016) and is related to falls incidence in older adults (Maki et 
al., 1994, Lord et al., 1999, Hilliard et al., 2008, Fujimoto et al., 2015). Additionally, there 
is evidence to suggest that adaptations to perturbations in one plane of motion do not 
necessarily transfer and benefit stability control in other planes of motion (Dijkstra et al., 
2015, Martelli et al., 2016, Peterson et al., 2016). Regarding the type and direction of 
perturbations used to stimulate adaptation in the reactive recovery responses, it has been 
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previously suggested that, due to the diversity of perturbations that can occur in daily life, 
it may be more effective to train the mechanisms of stability recovery, rather than focus 
on specific perturbations (Arampatzis et al., 2011, Bierbaum et al., 2013). Such an 
approach (whereby multidirectional stepping and counter rotating mechanisms to 
maintain balance are exercised) has been shown to result in an improvement in stability 
recovery following lab-based perturbations (Aragao et al., 2011, Arampatzis et al., 2011, 
Bierbaum et al., 2013). However, no study has yet looked at the effects of such an 
intervention on daily life falls incidence in older adults. Furthermore, if particular gait 
perturbation paradigms, like those described in this review, would also result in an 
improvement in these mechanisms, there may not be any reason to suspect a less positive 
outcome on daily life falls.  
The mean PEDro Scale score of the included studies was 3.33, with only three 
studies receiving higher scores of four, five and six (Table 2). However, it should be kept 
in mind that blinding of the participants and staff members conducting such experiments 
or training is difficult, meaning that points five and six of the PEDro scale will generally 
not be met by such studies. Regarding the levels of evidence determined for the 
perturbation paradigms of the studies included in this review, it is important to note the 
relatively low number of RCTs conducted thus far, especially with paradigms other than 
moveable floor platforms. Until more RCTs are conducted with varying perturbation 
paradigms, concrete conclusions regarding the beneficial effects of different perturbations 
are difficult to make. Despite the strong evidence for moveable platform perturbations, 
based on the definitions provided by Teasell et al. (2007), a number of advantages of 
treadmill setups should be highlighted. The first relates to the predictability of the 
perturbations applied in a gait lab setup with overground walking, in comparison to 
treadmill walking. In overground setups, the location of the perturbation on the walkway 
is usually constant, which means that even if the perturbation is not applied in every trial, 
the participant may make predictive, feedforward adaptations in their gait after 
identifying the location of the potential perturbation, facilitating better performance and 
adaptation. Shapiro and Melzer (2010) have previously highlighted similar issues related 
to the same perturbation direction being used for all trials. In contrast, treadmill setups 
do not face this location issue, as accelerations or decelerations can be applied at any time 
during continuous walking, making it more difficult for participants to anticipate 
perturbations. As well as this, depending on the setup, perturbations in multiple 
directions could be used. Furthermore, treadmill perturbation setups may be more feasible 
in clinical settings (Lurie et al., 2013) due to the smaller space required, in comparison to 
a gait lab and walkway. However, the type and magnitude of perturbations that can be 
applied may be limited by the size and capabilities of the treadmill. 
While this systematic review found three main types of perturbations that have 
been used to examine and stimulate the reactive adaptation of gait in older adults, there 
are a number of other gait perturbation paradigms reported in the literature. These were 
excluded from this review due to the participant population used (i.e. not older adults), or 
that reactive adaptation was not analysed in the studies. Cable trip systems, in 
conjunction with either treadmill or overground walking have been used effectively on 
multiple occasions to analyse gait stability and adaptation in multiple participant groups 
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(Süptitz et al., 2012, McCrum et al., 2014, Senden et al., 2014, McCrum et al., 2016a, 
McCrum et al., 2017a). Another method for initiating tripping responses is the use of 
objects popping up from the ground, inhibiting the swing phase of gait (Pijnappels et al., 
2005b, Pijnappels et al., 2005c). As well as tripping methods, a few different methods have 
been used to trigger slipping responses in addition to the moveable platforms from the 
included studies described above. The slip perturbation used to test the participants in the 
study of Parijat and Lockhart (2012) could also be used in a repetitive manner to stimulate 
adaptation. Additionally, different levels of shoe/floor friction using different materials 
have been used (Heiden et al., 2006). As well as trips and slips, a number of various waist 
push and pull methods have been applied during gait to analyse mediolateral stability in 
particular (Hof et al., 2010, Sturnieks et al., 2013, Martelli et al., 2016). Finally, 
perturbations involving sudden surface height changes (van der Linden et al., 2007, van 
der Linden et al., 2009, Müller et al., 2015) or multiple changes in surface tilt, height and 
position (Nashner, 1980) have been employed. The majority of these perturbations have 
been used to investigate some specific characteristic of gait stability or adaptability but 
few have been used for the purpose of training. Therefore, further research is needed 
before recommending these perturbations for training purposes among older adults. 
One potential limitation of this review (and the studies included) is that it is 
difficult to determine if the responses to the perturbations were fully reactive in nature. 
In most movements, an interplay exists between reactive and predictive adaptations 
(Pavol et al., 2004). In order to reduce the influence of predictive adaptations, two steps 
can be taken. Firstly, the degree of predictability of the perturbations must be kept to a 
minimum (e.g. using catch trials, random timing etc.), and secondly, attempts can be made 
to assess pre-perturbation movement to assess if predictive adjustments are being made. 
As described above, the setup may also affect the predictability of the perturbations and 
results should be interpreted with this in mind. One study that we know of (Pater et al., 
2015) has applied a truly unexpected perturbation, albeit with young participants, where 
participants were under the impression that they were taking part in a normal gait 
analysis and were subsequently perturbed. The effects of this perturbation were markedly 
greater compared to the more common situation where the participants knew that they 
would be perturbed at some point during the trial (Pater et al., 2015). However, such a 
procedure has not been conducted with older adults. 
It is important to note that in this review, we focussed on gait, as opposed to stance 
perturbation paradigms. As detailed in the introduction, perturbations applied during gait 
are theoretically more task specific to daily life falls among healthy older adults than 
stance perturbations, as most falls occur during walking in this population (Tinetti et al., 
1988, Berg et al., 1997, Li et al., 2006, Kelsey et al., 2012, Robinovitch et al., 2013). 
Additionally, forward velocity during gait may make stability recovery following a 
perturbation more difficult, as an increased walking speed, and thereby higher forward 
centre of mass velocity, results in a lower anterior margin of stability (Süptitz et al., 2012). 
However, a decrease in falls incidence has been shown after four sessions of perturbations 
to stance in healthy older adults (Rosenblatt et al., 2013), indicating that stance 
perturbations may also be beneficial. To our knowledge, a direct comparison of the 
effectiveness of stance versus gait perturbations for falls reduction among older adults has 
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not been made, and it is not known how repetition of either gait or stance perturbations 
would benefit performance of the other. Stance perturbations have often been applied in 
patient populations (for example: Suteerawattananon et al., 2002, Protas et al., 2005, 
Smania et al., 2010), possibly due to practical reasons (simpler setup, easier quantification 
of stability) or perhaps due to the relatively lower demand of the tasks, in comparison to 
gait perturbations. This suggests that a progression could be made from stance to gait 
perturbations in clinical settings. 
 
Conclusions 
To date, a range of perturbation paradigms (moveable floor platforms, ground surface 
compliance changes and treadmill belt accelerations or decelerations) have been used to 
perturb older adults while walking. As well as the range of perturbation types that have 
been applied, there is huge variation among studies in the number and magnitude of the 
perturbations. The fact that the majority of studies report improvements in participants’ 
ability to maintain stability following exposure to the perturbation paradigms is in one 
sense promising, as benefits appear to be produced from many different paradigms, but 
this restricts our understanding of the underlying mechanisms of improvement and what 
components of the paradigms are responsible for the improvements. The effects of 
perturbation type, magnitude and number on the extent of adaptation of the reactive 
recovery responses and the retention of such adaptations over longer time periods should 
be investigated in future research. This may lead to more efficient and effective 
perturbation paradigms and to information regarding the minimum effective dose for falls 
incidence reduction among healthy older adults. 
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Supplementary Material 
Additional file 1: Search terms in PubMed, Web of Science, MEDLINE and CINAHL 
 
PubMed Search on 16/12/2015: 
((((gait OR walking OR walk OR locomotion)) AND (Perturb* OR trip OR tripping OR slip* OR 
surface translation OR balance loss OR agility OR dynamic balance OR dynamic stability OR waist 
pull)) AND (training OR exercise OR adaptation OR adaptive OR repeated OR repetition OR 
rehabilitation OR task OR responses OR adjustments)) AND (Age OR ageing OR aging OR aged 
OR elderly OR old OR older OR senior) 
Search returned: 1911 results 
 
Web of Science on 16/12/2015: 
(TS=(gait OR walking OR walk OR locomotion) AND TS=(Perturb* OR trip OR tripping OR slip* 
OR surface translation OR balance loss OR agility OR dynamic balance OR dynamic stability OR 
waist pull) AND TS=(training OR exercise OR adaptation OR adaptive OR repeated OR repetition 
OR rehabilitation OR task OR responses OR adjustments) AND TS=(Age OR ageing OR aging OR 
aged OR elderly OR old OR older OR senior)) OR (TI=(gait OR walking OR walk OR locomotion) 
AND TI=(Perturb* OR trip OR tripping OR slip* OR surface translation OR balance loss OR agility 
OR dynamic balance OR dynamic stability OR waist pull) AND TI=(training OR exercise OR 
adaptation OR adaptive OR repeated OR repetition OR rehabilitation OR task OR responses OR 
adjustments) AND TI=(Age OR ageing OR aging OR aged OR elderly OR old OR older OR senior)) 
Search returned: 1454 results 
 
MEDLINE on 16/12/2015: 
((gait or walking or walk or locomotion) and (Perturb* or trip or tripping or slip* or surface 
translation or balance loss or agility or dynamic balance or dynamic stability or waist pull) and 
(training or exercise or adaptation or adaptive or repeated or repetition or rehabilitation or task or 
responses or adjustments) and (Age or ageing or aging or aged or elderly or old or older or 
senior)).mp. [mp=title, abstract, original title, name of substance word, subject heading word, 
keyword heading word, protocol supplementary concept word, rare disease supplementary concept 
word, unique identifier]  
Search returned: 970 results 
 
CINAHL on 16/12/2015: 
TX ( gait OR walking OR walk OR locomotion ) AND TX ( Perturb* OR trip OR tripping OR slip* 
OR surface translation OR balance loss OR agility OR dynamic balance OR dynamic stability OR 
waist pull ) AND TX ( training OR exercise OR adaptation OR adaptive OR repeated OR repetition 
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OR rehabilitation OR task OR responses OR adjustments ) AND TX ( Age OR ageing OR aging OR 
aged OR elderly OR old OR older OR senior ) 
Search returned: 888 results 
 
In total: 5223 records  
After removal of duplicates: 3332 
After title screening: 219 
After abstract screening: 27 
After full text screening: 9 
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Abstract 
In gait stability research, neither self-selected walking speeds, nor the same prescribed 
walking speed for all participants, guarantee equivalent gait stability among participants. 
Furthermore, these options may differentially affect the response to different gait 
perturbations, which is problematic when comparing groups with different capacities. We 
present a method for decreasing inter-individual differences in gait stability by adjusting 
walking speed to equivalent margins of stability (MoS). Eighteen healthy adults walked 
on a split-belt treadmill for two-minute bouts at 0.4m/s up to 1.8m/s in 0.2m/s intervals. 
The stability-normalised walking speed (MoS=0.05m) was calculated using the mean MoS 
at touchdown of the final 10 steps of each speed. Participants then walked for three 
minutes at this speed and were subsequently exposed to a treadmill belt acceleration 
perturbation. A further 12 healthy adults were exposed to the same perturbation while 
walking at 1.3m/s: the average of the previous group. Large ranges in MoS were observed 
during the prescribed speeds (6-10cm across speeds) and walking speed significantly 
(P<0.001) affected MoS. The stability-normalised walking speeds resulted in MoS equal or 
very close to the desired 0.05m and reduced between-participant variability in MoS. The 
second group of participants walking at 1.3m/s had greater inter-individual variation in 
MoS during both unperturbed and perturbed walking compared to 12 sex, height and leg 
length-matched participants from the stability-normalised walking speed group. The 
current method decreases inter-individual differences in gait stability which may be 
beneficial for gait perturbation and stability research, in particular for studies on 
populations with different locomotor capacities.  
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Introduction 
Mechanical perturbations have been used for decades to investigate the stability of human 
walking (Nashner, 1980, Berger et al., 1984, Quintern et al., 1985, Vilensky et al., 1999, 
Marigold and Patla, 2002) and are now frequently applied in falls prevention contexts (Pai 
and Bhatt, 2007, Mansfield et al., 2015b, Gerards et al., 2017). In gait perturbation 
studies, self-selected walking speeds (for example: Pai et al., 2014b) or a prescribed 
walking speed for all participants (for example: McCrum et al., 2016a) are commonly used, 
but each comes with drawbacks that complicate the interpretation of results.  
A prescribed walking speed (for example, 1.5m/s for all participants) will not result 
in comparable stability for all participants. This is problematic when comparing groups 
with different capacities during a gait perturbation task, as the relative challenge of the 
task will vary. In such a situation, the difficulty in recovering stability following 
mechanical perturbations will be affected by the relative neuromuscular and 
biomechanical demands of the task. As well as the demand of recovering from one 
perturbation, the need for adaptation following repetition of a perturbation may be 
different. As a result, it is common to use the self-selected or preferred walking speed in 
gait perturbation research, but this can introduce other problems.  
Having participants walk at their own self-selected speeds implies that there will 
be variation across participants, which is likely to be much greater when multiple groups 
with different locomotor capacities are involved. There is ample evidence that walking 
speed affects recovery strategy choice following slips (Bhatt et al., 2005) and trips 
(Krasovsky et al., 2014), the direction of balance loss following slipping (Smeesters et al., 
2001) and differentially affects falls risk following tripping and slipping (Pavol et al., 1999, 
Bhatt et al., 2005, Espy et al., 2010). Gait stability at perturbation onset may also not be 
optimised at the self-selected speed and may differ across groups (Bhatt et al., 2005, 
Süptitz et al., 2012, Hak et al., 2013, Mademli and Arampatzis, 2014). For example, older 
adults walk with a lower safety factor than young adults at self-selected walking speeds 
(Mademli and Arampatzis, 2014) and reduce stability to benefit from centre of mass 
velocity when descending stairs; a potential compensation for reduced lower limb 
neuromuscular capacities (Bosse et al., 2012). Taken together, this evidence means that 
gait perturbation tasks could have very different effects across participants walking at 
their self-selected speeds, and it may be difficult to determine if group differences are true 
differences or artefacts of the above walking speed-related effects. These issues can be 
further confounded, as walking speed directly affects measures of dynamic gait stability 
using a centre of mass – base of support relationship model (Bhatt et al., 2005, Süptitz et 
al., 2012, Hak et al., 2013). Therefore, more sophistication in the choice of walking speed 
may be necessary for detailed study of reactive gait stability and adaptation processes.  
Two possible solutions have been applied in previous gait perturbation studies. A 
Froude number (a dimensionless parameter) for walking speed (Hof, 1996) has been 
applied to normalise the walking speed based on leg length (Martelli et al., 2013, 
Aprigliano et al., 2016, Martelli et al., 2016, Aprigliano et al., 2017). Originally developed 
to analyse the dynamic similarity of differently sized boats (Vaughan and O'Malley, 2005), 
the Froude number has been applied for the purpose of comparing the gaits of different 
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sizes and species of animals and results in dynamic similarity of the inverted pendulum 
motion in gait (Alexander, 1989, Alexander, 1991, Vaughan and O'Malley, 2005). However, 
while the inverted pendulum motion may be dynamically similar between participants, 
this normalisation based on leg length is not necessarily synonymous with a normalisation 
of gait stability, because factors such as individual differences in foot placement, posture, 
leg length to truck length ratio and internal properties of the neuromotor and 
neuromuscular systems are ignored. Task demand in such gait perturbation protocols (and 
most locomotor tasks) depends critically on these other factors and not only on the 
dimensions of the body; an 18-year-old and an 80-year-old with the same leg length are 
unlikely to be equally challenged by a gait perturbation while walking at the same speed. 
Two studies have used 60% of the walk-to-run velocity to normalise the speed to 
participants’ walking-related neuromuscular capacities (Bierbaum et al., 2010, Bierbaum 
et al., 2011). However, this procedure did not lead to comparable stability during non-
perturbed walking, with the margins of stability and the components of the margins of 
stability showing differences between the young and older subjects (Bierbaum et al., 2010, 
Bierbaum et al., 2011), again probably due to the fact that gait stability is not determined 
exclusively by the neuromuscular properties responsible for gait speed. As both existing 
normalisation methods are based on a single parameter, neither of which are the sole 
determinants of gait stability, one cannot expect equivalent gait stability among 
participants.  Therefore, further attempts to tackle these issues are warranted (McCrum 
et al., 2016b, McCrum et al., 2017b).  
Here, we present a new method for decreasing inter-individual differences in gait 
stability by normalising the walking speed based on gait stability. For this method we use 
the margins of stability (MoS) concept (Hof et al., 2005), one of the few well-defined and 
well-accepted biomechanical measures of mechanical stability of the body configuration 
during locomotion (Bruijn et al., 2013), useful for assessing changes in gait stability due 
to mechanical perturbations and balance loss. Additionally, we present results from a gait 
perturbation experiment comparing participants walking at their stability-normalised 
walking speed with participants walking all at the same prescribed speed.  
 
Methods 
Participants 
Eighteen healthy adults participated in the first part of this study (eight males, 10 
females; age: 24.4±2.5y; height: 174.9±7.4cm; weight: 74.6±15.2kg). Twelve healthy adults 
participated in the second part of the study (Table 1). The participants had no self-reported 
history of walking difficulties, dizziness or balance problems, and had no known 
neuromuscular condition or injury that could affect balance or walking. Informed consent 
was obtained and the study was conducted in accordance with the Declaration of Helsinki. 
The study protocol was approved by the Maastricht University Medical Centre medical 
ethics committee.  
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Setup and Procedures 
The Computer Assisted Rehabilitation Environment Extended (CAREN; Motekforce Link, 
Amsterdam, The Netherlands), comprised of a dual-belt force plate-instrumented 
treadmill (Motekforce Link, Amsterdam, The Netherlands; 1000Hz), a 12-camera motion 
capture system (100Hz; Vicon Motion Systems, Oxford, UK) and a virtual environment 
that provided optic flow, was used for this study. A safety harness connected to an 
overhead frame was worn by the participants during all measurements. Five 
retroreflective markers were attached to anatomical landmarks (C7, left and right 
trochanter and left and right hallux) and were tracked by the motion capture system.  
In the first part of the study (18 participants), the measurement sessions began 
with 60s familiarisation trials of walking at 0.4m/s up to 1.8m/s in 0.2m/s intervals. After 
approximately five to ten minutes rest, single two-to-three-minute-long measurements 
were then conducted at the same speeds. Following these measurements, the stability-
normalised walking speed was calculated. To determine the stability-normalised walking 
speed, the mean anteroposterior MoS (see below) at foot touchdown of the final 10 steps of 
each walking trial (0.4m/s to 1.8m/s) were taken and fitted with a second order polynomial 
function. For each participant, the speed resulting in MoS of 0.05m was calculated. Based 
on our pilot testing, this value would result in walking speeds that would be possible for 
healthy adults of most ages (Bierbaum et al., 2010, Bierbaum et al., 2011, Süptitz et al., 
2013). With certain populations, slower walking speeds would be required and then a 
greater MoS could be used. Participants then walked for three minutes at their stability-
normalised walking speed, at the end of which, a gait perturbation was applied without 
warning. The perturbation consisted of an 80% increase in the right treadmill belt speed 
from the stability-normalised walking speed of the participant with a 3m/s2 acceleration, 
and thereby, we also normalised the magnitude of the perturbation to the already 
normalised walking speed. The acceleration began before touchdown of the to-be-
perturbed limb to ensure the belt was already at a higher speed when the foot touched 
down (triggered automatically by the D-Flow software of the CAREN, when the hallux 
marker of the to-be-perturbed limb became anterior to the stance limb hallux marker in 
the sagittal plane). The belt decelerated after toe-off of the perturbed limb.  
In the second part of the study, 12 participants completed the same familiarisation 
protocol and then walked for three minutes at 1.3m/s (average stability-normalised 
walking speed of the 18 participants in the first part of the study). After this, they 
experienced the same treadmill belt acceleration perturbation. To compare these results 
with a matched sample, 12 participants from the first group of 18 were selected and 
matched specifically for sex, height and leg length to the participants in part two of the 
study (Table 1). 
 
Data Processing  
Marker tracks were filtered using a low pass second order Butterworth filter (zero-phase) 
with a 12Hz cut-off frequency. Foot touchdown was detected using a combination of force 
plate (50N threshold) and foot marker data (Zeni et al., 2008). The anteroposterior MoS 
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were calculated at foot touchdown as the difference between the anterior boundary of the 
base of support (anteroposterior component of the hallux marker projection to the ground) 
and the extrapolated centre of mass as defined by Hof et al. (2005), adapted for our reduced 
kinematic model based on Süptitz et al. (2013), as follows: 
XCoM =
PTroL + PTroR
2
− PHalluxP +
0.5 (
VTroL + VTroR
2 + VC7) +
|VBelt|
√
g
LRef
 
where PTroL, PTroR and PHalluxP are the trochanter and the posterior hallux marker 
anteroposterior positions respectively;  VTroL , VTroR and VC7 are the anteroposterior 
velocities of the trochanter and C7 markers respectively; VBelt is the treadmill belt velocity; 
g is gravitational acceleration (9.81m/s2); and LRef is the reference leg length. This reduced 
kinematic model was previously shown to be suitable for assessing the MoS and it’s 
components during unperturbed and perturbed treadmill walking in young, middle and 
older-aged healthy adults, with high correlations and no clear differences compared to a 
full kinematic model (Süptitz et al., 2013). Note that a large proportion of the CoM velocity 
is derived from the treadmill belt speed, potentially improving the accuracy compared with 
overground walking when the entire CoM velocity is derived from the markers. The MoS 
was calculated for: the final 10 steps of each set walking speed in the first part of the 
study; the mean MoS of the eleventh to second last step before each perturbation (Base); 
the final step before each perturbation (Pre); and the first recovery step following each 
perturbation (Post1). 
 
Statistics 
A mixed effects model for repeated measures with walking speed as a fixed effect and 
Tukey post hoc comparisons was used to confirm a walking speed effect on the MoS. To 
determine whether a normalisation of walking speed based on body dimensions would 
assume equivalent gait stability, Pearson correlations between the stability-normalised 
walking speeds and participants’ height and leg length were conducted. A two-way 
repeated measures ANOVA with participant group (Stability-normalised walking speed 
[Norm] and 1.3m/s) and step (Base, Pre, Post1) as factors with post hoc Sidak’s tests for 
multiple comparisons were used to determine between group differences in the MoS. 
Equivalence tests using 90% confidence intervals were used to confirm the similarity of 
the groups’ demographics. Significance was set at α=0.05. When sphericity was violated, 
a Greenhouse-Geisser correction was applied. Normality of the distributions was assessed 
with Q-Q plots. Analyses were performed using Prism version 8 for Windows (GraphPad 
Software Inc., La Jolla, California, USA).  
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Results and Discussion 
Stability during unperturbed walking 
Walking speed significantly affected the MoS (F[2.547, 42.93]=1485, P<0.0001, 𝜀̂=0.3638; Fig. 
1) and Tukey’s multiple comparisons tests revealed significant differences for each speed 
compared to all other speeds (P<0.0001; Fig. 1). These results agree with previous work 
(Bhatt et al., 2005, Süptitz et al., 2012, Hak et al., 2013). A range of MoS values were 
observed for each speed (approximately 6-10cm), even among these healthy participants, 
confirming some of the issues related to prescribed walking speeds in gait stability 
research discussed above. The strong relationship between walking speed and MoS also 
has relevance for clinical studies conducting self-paced gait measurements with an 
assessment of gait stability. Patients who improve in walking speed may demonstrate a 
reduction in MoS, which may not be reductions in the stability of the patients’ gait per se, 
but simply an artefact of the improved walking speed. 
The stability-normalised walking speeds (range from 1.22m/s to 1.51m/s with a 
mean±SD of 1.3±0.1m/s) resulted in MoS very close to the desired outcome of 0.05m (within 
one SD of the mean MoS for 15 of the 18 participants; Fig. 2A). The stability-normalised 
walking speed also reduced between-participant variability in MoS (as shown by the group 
level standard deviations; Fig. 2B). These combined results indicate that the stability-
normalisation was successful in reducing between-participant differences in MoS during 
walking, even in a homogenous group of healthy young adults. 
 
 
Fig. 1: Individual margins of stability at foot touchdown over the different walking speeds. 
The dashed line represents the margin of stability used to determine the stability-normalised 
walking speed. 
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Fig. 2: A: Means and standard deviations of the margins of stability at touchdown of the final 
10 steps at the stability-normalised walking speed for each individual participant. The 
desired MoS of 0.05m at foot touchdown is indicated by the dashed line. B: The between-
participant variation in the margins of stability (standard deviation at group level) for the 
final 10 steps at each walking speed (the stability-normalised walking speed trials are 
indicated with the black circle; mean and standard deviation). 
 
Small, non-significant correlations between the determined stability-normalised 
walking speeds and the participants’ height and leg length were found (Fig. 3). The 
outcomes of our correlation analysis suggest that height and leg length did not 
significantly affect the calculation of stability-normalised walking speed, suggesting that 
a normalisation of walking speed based on body dimensions does not assume equivalent 
gait stability, at least not when assessed by the MoS concept.  
 
Stability during perturbed walking 
For the second part of the study, the 12 participants were successfully matched to the 12 
of the 18 participants from part one of the study (Table 1). During the perturbations, the 
1.3m/s group had a greater range in MoS values during Base, Pre and Post1 (Fig. 4). A 
two-way repeated measures ANOVA revealed a significant effect of group (F[1, 22]=6.409, 
 
3.2: Stability-normalised walking speed: a new approach for human gait perturbation research 
79 
 
 
 
 
3.2 
 
 
 
 
 
 
P=0.019), step (F[1.097, 24.14]=8.34, P=0.0068, 𝜀̂=0.5486) and a significant group (Norm and 
1.3m/s) by step (Base, Pre, Post1) interaction (F[2, 44]=15.4, P<0.0001) on MoS. Sidak post 
hoc tests revealed a significant difference between Norm and 1.3m/s groups at Post1 
(P=0.0049). While part of the differences found may be due to chance, the current 
comparison suggests that the stability-normalised walking speed and the normalised 
perturbation (acceleration to a peak speed 180% of the walking speed) reduce the inter-
individual differences in MoS during both unperturbed and perturbed walking, at least 
with the current protocol. The significant difference found at Post1 between the groups 
also aligns with the previous studies reporting different responses to perturbations 
experienced while walking at different speeds (Bhatt et al., 2005, Krasovsky et al., 2014). 
 
Further methodological considerations 
As the MoS – walking speed relationship from 1.0-1.6m/s appeared to be linear in part one 
of the study (Fig. 1), a simple linear regression was calculated for 1.0-1.6m/s. A significant 
regression equation was found (Fig. 5). Future research could use this (or similar) as a 
simple, efficient method for increasing the dynamic similarity in gait stability across 
participants, by measuring participants walking at a single speed from 1.0-1.6m/s and 
using this equation to prescribe speeds that would result in similar MoS values. As it is 
common practice in gait experiments to familiarise participants to the setup and 
conditions, including some practice walking trials, we would suggest that this may be the 
 
 
Fig. 3: Pearson correlations between the participants’ stability-normalised walking speeds 
and their height and leg length. 
 
Table 1: Demographic characteristics of the participant groups in part two of the study. 
 Sex Age (y) Height (cm) Weight (kg) Leg Length (cm) 
1.3m/s Group 
8 males, 4 
females 
25.1±3.8 178.2±5.2 72.5±9.7 84.2±2.1 
Norm Group 
8 males, 4 
females 
24.3±2.9 178.7±5.8 79±15.3 85.5±2.8 
Equivalent based on 90% 
Confidence Intervals? 
- Yes Yes Yes Yes 
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Fig. 4: Margins of stability during unperturbed and perturbed walking of participants 
walking at their stability-normalised walking speed (Norm) and participants walking at 
1.3m/s. Base: the mean MoS of the eleventh to second last step before each perturbation; Pre: 
the final step before each perturbation; Post1: the first recovery step following perturbation. 
*: Significant difference (Sidak post hoc test: P=0.0049). 
 
ideal opportunity to incorporate our method, without having to conduct any additional 
trials. It is, however, worth highlighting that the current participants were young healthy 
adults; the walking speed – MoS relationship may be altered in other populations. Future 
implementations of this method should consider the capacities of the population of interest 
and the desired or expected impact on gait stability of the perturbations when selecting 
an MoS value for normalisation. 
 
Limitations 
Individual responses in the MoS to the perturbation varied (Fig. 4), although the variation 
was lower in the stability-normalised walking speed group. Part of the reasons for this 
variation could be the result of uncontrolled factors such as individual physiological, 
biomechanical or psychological differences affecting the individual response at the onset 
of the perturbation. It could be argued that using a single trial as opposed to averaging 
multiple trials is less reliable, however, due to the significant and rapid learning effects 
following even single perturbations of this kind, the responses seen after averaging trials 
would no longer accurately represent natural responses to unexpected perturbations. In 
this sense, our approach is ecologically valid, as the variation is representative of daily life 
responses to truly unexpected gait perturbations. Another potential limitation relates to 
a validity constraint of the MoS calculation detailed by Hof et al. (2005), in that the 
pendulum length (distance from the centre of mass to the axis of rotation) should remain 
constant. This may not always be the case during dynamic walking and perturbed walking 
tasks if the knee is slightly flexed at foot contact. However, we have not observed large 
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Fig. 5: Margins of stability as a function of walking speed between 1.0 and 1.6m/s. The shaded 
area represents the 95% confidence intervals of the regression line.  
 
changes in the pendulum length and small changes are not systematic, as within and 
between individual variability in responses is large. We therefore believe that this is an 
acceptable limitation of using the model in this context, but one that should be kept in 
mind when interpreting the results. 
 
Conclusions 
In conclusion, large ranges in MoS were observed and walking speed significantly affected 
MoS even within these young healthy participants, confirming some issues related to 
walking speed choice in gait stability research. The current methods reduced between-
participant variability in MoS during both unperturbed and perturbed walking, meaning 
that the method could be beneficial for gait stability studies comparing groups with 
different locomotor capacities. An equation has been provided that can be used following 
a single gait trial to increase the dynamic similarity of gait stability between participants. 
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 “It does not do to leave a live dragon out of your calculations, if you live near him”. 
– J.R.R. Tolkien. The Hobbit. 
 
 
“Kein Operationsplan reicht mit einiger Sicherheit über das erste Zusammentreffen mit der 
feindlichen Hauptmacht hinaus.” 
– Helmuth von Moltke 
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Abstract 
Reactive locomotor adaptations are crucial for safe mobility, but remain relatively 
unexplored. Here we assess reactive gait adaptations, and their retention, savings and 
interlimb transfer. Using new methods to normalise walking speed and perturbation 
magnitude, we expose eighteen healthy adults to ten unexpected treadmill belt 
accelerations during walking (the first and last perturbing the right leg, the others 
perturbing the left leg) on two days, one month apart. Analysis of the margins of stability 
using kinematic data reveals that humans reactively adapt gait, improving stability and 
taking fewer recovery steps, and fully retain these adaptations over time. On re-exposure, 
retention and savings lead to further improvements in stability. Currently, the role of 
interlimb transfer is unclear. Our findings show that humans utilise retention and savings 
in reactive gait adaptations to benefit stability, but that interlimb transfer may not be 
exclusively responsible for improvements following perturbations to the untrained limb.  
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Introduction 
Human locomotion is highly adaptable to environmental change (Choi and Bastian, 2007, 
Roemmich and Bastian, 2015, Selinger et al., 2015) which ensures effective and safe 
mobility in daily life. Humans are capable of rapidly adapting gait kinematics in both 
reactive (McCrum et al., 2014, McCrum et al., 2017b, Epro et al., 2018a) and predictive 
(Roemmich and Bastian, 2015, McCrum et al., 2016a) manners and such adaptation can 
be retained over time (Bhatt et al., 2012, Pai et al., 2014b, Roemmich and Bastian, 2015, 
Epro et al., 2018b) and transferred between different locomotor tasks and environmental 
conditions (Bieryla et al., 2007, Reisman et al., 2009, Torres-Oviedo and Bastian, 2010, 
Parijat and Lockhart, 2012, Yang et al., 2013, Long et al., 2015). In particular, reactive 
gait adaptations are of great interest for falls prevention research and are the focus of 
perturbation-based balance training for populations at an increased risk of falls (Pai and 
Bhatt, 2007, Mansfield et al., 2010, Pai et al., 2014a, Mansfield et al., 2015b, Gerards et 
al., 2017, McCrum et al., 2017b, Epro et al., 2018b). However, the retention (a preservation 
over time of adaptations made previously), savings (faster re-adaptation on re-exposure to 
a perturbation) and transfer (changes in an untrained limb or task reflecting, at least to 
some extent, the changes seen in the trained limb or task) of reactive gait adaptations are 
not yet well understood, despite their importance for falls prevention interventions. 
Reactive gait adaptability implies that the neuromuscular system can alter its behaviour 
in a feedback-driven manner, meaning that modulation of spinal and sensory reflex 
pathways may be occurring. While spinal plasticity, in general, is well supported in 
humans (Wolpaw, 2010, Wolpaw, 2012) and has been demonstrated during walking in 
animals (Forssberg et al., 1975, Forssberg et al., 1977, Frigon and Rossignol, 2008, Zhong 
et al., 2012, Dambreville et al., 2015), little is known about whether specifically reactive 
gait adaptations in humans are amenable to savings and transfer between the lower limbs. 
These adaptation qualities may be quite different from those occurring during predictive 
gait adaptation, which involve supraspinal processes (Morton and Bastian, 2006, 
Vasudevan et al., 2014). 
Two examples of unilateral lower limb reflexes that are purported to support safe 
locomotion are limb withdrawal reflexes during the stance phase (Spaich et al., 2004) and 
stumble correction reflexes during the swing phase (Haridas et al., 2008) of gait (i.e. quick 
removal of the limb if an unsafe object is stepped upon during the stance phase or 
contacted during the swing phase). It has also been suggested that interlimb reflexes (as 
evidenced by responses in the contralateral limb following perturbation of the ipsilateral 
limb) support gait stability control (Stubbs et al., 2011, Hoogkamer et al., 2012, Stevenson 
et al., 2013, Gervasio et al., 2015, Stevenson et al., 2015). Note that these studies have 
used a variety of methods to perturb the lower limbs, including direct nerve stimulation, 
single joint perturbations and perturbations that have a whole-body effect, which may 
result in very different responses and adaptations. Such stumbling and interlimb reflexes 
have also been observed (Yang et al., 1998, Lam et al., 2003) and have been shown to adapt 
(Lam et al., 2003, Pang et al., 2003) following repeated simulated trip perturbations in 
infants prior to independent walking, indicating that adaptation of these reflexes can 
occur in a feedback-driven manner, without substantial supraspinal influence. That is not 
to say that supraspinal structures do not influence balance control in human adults, as 
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there is ample evidence to the contrary (Jahn et al., 2008, Stevenson et al., 2013, Bruijn 
et al., 2015, Martinez et al., 2016, Peterson and Horak, 2016, Frigon, 2017, Mierau et al., 
2017, Wittenberg et al., 2017, Mrachacz-Kersting et al., 2018), but our knowledge of the 
supraspinal influence on reactive gait stability control during unexpected mechanical 
perturbations, specifically, is currently limited . 
Despite evidence of feedback-driven adaptation in these reflexes during specific 
stimulation or joint level perturbations and in gait stability control following whole body 
mechanical perturbations, whether or not this translates to the retention, savings and 
interlimb transfer of adaptations in reactive gait stability following mechanical, whole 
body perturbations such as slips and trips has not, to our knowledge been addressed in 
the literature. There is evidence to suggest that humans can at least partly retain reactive 
adaptations in gait stability over different time periods of months to years (Bhatt et al., 
2012, Pai et al., 2014b, Liu et al., 2017, Epro et al., 2018b). However, no study has 
examined savings and the interlimb transfer of reactive gait adaptations to standardised, 
controlled whole body (mechanical) perturbations. As these processes are of both 
fundamental and clinical relevance for understanding human locomotor control, further 
research into these processes is warranted. 
Here we assess the reactive adaptation of gait in response to unexpected, repeated 
gait perturbations in young healthy adults, how this adaptation is retained after one 
month, and if savings and interlimb transfer of these adaptations can be observed. To 
achieve this in as controlled and as precise a manner as possible, we use new methods to 
decrease inter-individual differences in gait stability via a normalisation of walking speed 
based on gait stability and by perturbing gait with a treadmill belt acceleration 
standardised to the stability-normalised walking speed (McCrum et al., 2019b) (preprint 
version). Thereby, we account for the effects of walking speed on gait stability control and 
measurement that we have previously outlined (McCrum et al., 2016b, McCrum et al., 
2017b, McCrum et al., 2019b). The margin of stability measure (Hof et al., 2005) was used 
to assess gait stability as it is a valid measure of the mechanical stability of the body 
configuration during large balance perturbations (Arampatzis et al., 2008, Bruijn et al., 
2013). It was hypothesised that healthy young adults would demonstrate reactive 
adaptation of gait following repeated gait perturbations, that these adaptations would be 
partly retained one month later, that evidence of savings in both the acute response to a 
single perturbation and in the recovery behaviour over multiple perturbations would be 
found, and that the adaptation to repeated perturbations to one lower limb would transfer 
and benefit gait stability following perturbations to the contralateral lower limb, as the 
recovery requires a bipedal response that may be generalizable.  
The results of the current study show that young healthy adults can adapt their 
gait in a reactive, feedback driven manner and reduce the number of steps required to 
recover balance following unexpected perturbations to gait and retain these adaptations 
over a one-month period. Combined retention and savings led to further improvements in 
reactive stability control during the second measurement one month later. Evidence of 
interlimb transfer of reactive gait adaptations was inconclusive. Our findings suggest that 
young healthy adults utilise retention and savings in reactive gait adaptations to benefit 
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stability, but that improvements in stability following perturbations to the untrained limb 
may not be exclusively due to interlimb transfer of adaptations. 
 
Results  
Study overview 
In order to test our hypotheses, 18 healthy young adult participants were subjected to 10 
unilateral treadmill belt accelerations during walking on one day, as shown in Figure 1 
(see methods section for details). The participants returned approximately one month later 
(28.4±3.4 days) and repeated the perturbation protocol, although the participants were 
only aware that they would complete a “walking balance challenge” and were told that it 
could be different on the second day. The gait perturbation protocol was conducted at a 
stability-normalised walking speed based on trials of unperturbed walking at various 
speeds for each individual, to ensure that all participants were walking at comparable 
stability levels (McCrum et al., 2019b). The stability-normalised walking speeds ranged 
from 1.22m∙s-1 to 1.51m∙s-1 with a mean±SD of 1.33±0.07m∙s-1. In order to quantify 
stability, we determined the anteroposterior MoS at the moment of foot touchdown as 
defined by Hof et al. (2005), adapted for a reduced kinematic model based on Süptitz et al. 
(2013). Representative data from one participant during a perturbation and during fast 
walking is shown in Figure 2, alongside schematic representations of the body 
configuration at specific time points, to illustrate how the components of the MoS are 
affected by different walking conditions.  
In the following results, data are presented as median and 95% confidence intervals 
unless otherwise stated. Day 1 values are represented by filled symbols, Day 2 values by 
empty symbols. Perturbations to the right leg are represented by squares and 
perturbations to the left leg by circles. Perturbations of the same number (i.e. Pert1R) are 
represented by the same colours. The data used to create each figure can be found in 
“Supplementary Data”. 
 
Fig. 1: Gait perturbation protocol. The right leg (R) was perturbed by the treadmill belt 
acceleration first (pert1R), followed by eight perturbations (pert2L – pert9L) to the left leg (L), 
and the final perturbation (pert10R) was again applied to the right leg (R). 30-90 seconds time 
of unperturbed walking occurred between each perturbation. The perturbation consisted of 
a 3m/s2 acceleration of the treadmill belt to 180% of the stability-normalised walking speed, 
triggered automatically when the vertical projection of the hallux marker of the to-be-
perturbed limb became anterior to the hallux marker of the stance limb in the sagittal plane. 
The perturbation was designed to cause a forward rotation and acceleration of the upper 
body, relative to the lower body, leading to a forward loss of dynamic stability. 
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Fig. 2: The margin of stability (MoS) components during perturbed and unperturbed walking. 
Representative data from one individual participant during a perturbation (a) and during fast 
unperturbed walking (b), as well as schematic representations of the body configurations and 
margin of stability components at foot touchdown of the step before the perturbation (Pre), 
the first step post-perturbation (Post 1) and for one step during fast unperturbed walking 
that elicited a similar margin of stability to Post 1 (Step 5). The anteroposterior MoS were 
calculated for the moment of foot touchdown as the anteroposterior difference between the 
base of support (BoS; anteroposterior distance between the hallux markers) and the 
extrapolated centre of mass (XCoM) as defined by Hof et al. (2005), adapted for the reduced 
kinematic model(Süptitz et al., 2013). The BoS, XCoM and MoS are indicated on the left y axes, 
and the velocity of the centre of mass (VCoM) on the right y axes. The BoS and XCoM positions 
are relative to the posterior hallux marker position in the anteroposterior direction. Note that 
while Step 5 displays a comparable MoS value to Post 1, the absolute and relative positions 
of the components of the MoS are not all the same, indicating that the change in belt velocity 
during the perturbation is not the sole reason for the change in MoS. 
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Reactive Gait Adaptations to Repeated Perturbations 
The two-way repeated measures ANOVAs revealed significant perturbation number and 
step effects and significant perturbation number by step interactions on the MoS for Day 
1 (F[3, 51]=7.117, P=0.0004; F[9, 153]=39.05, P<0.0001; and F[27, 459]=2.788, P<0.0001, 
respectively) and Day 2 (F[3, 51]=14.69, P<0.0001; F[9, 153]=49.11, P<0.0001; and F[27, 
459]=5.943, P<0.0001, respectively). Tukey’s multiple comparisons tests revealed that MoS 
during Base and Pre were not significantly affected by perturbation number (0.30<P<0.99; 
see Supplementary Table 1). Regarding the adaptation of gait on Day 1, the participants 
were able to return to MoS Base values after five and four post-perturbation steps for 
Pert2L and Pert9L, respectively, indicated by MoS values significantly different to Base for 
Post1-5 and Post1-4, respectively (Fig. 3; for detailed multiple comparisons results, see 
Supplementary Table 2). On Day 2, further adaptation across the left leg perturbations 
was seen as Pert9L required only two recovery steps for participants to regain stability, 
compared with four steps during Pert2L, indicated by MoS values significantly different to 
Base for Post1-2 and Post1-4, respectively (Fig. 3; Supplementary Table 3). 
 
 
Fig. 3: Reactive adaptations in gait during repeated perturbations. Median and 95% 
confidence intervals of the margins of stability during the second and ninth perturbations 
(the first and final perturbation of the left leg; Pert2L, and Pert9L, respectively) during 
unperturbed walking prior to each perturbation (Base), the final step prior to each 
perturbation (Pre) and the first eight recovery steps following the perturbations (Post1-8) 
on Day 1 (left panel) and Day 2 (right panel) of the measurements. *: Significant difference 
between Pert2L and Pert9L (P<0.05). Lines with 2 and 9: All steps under the line were 
significantly different to Base for Pert2L, and Pert9L, respectively (P<0.05). 
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Retention of Reactive Adaptations in Gait 
Regarding retention of the Day 1 adaptations to perturbations of the left leg after one 
month, Pert2L on Day 2 resulted in participants requiring the same number of recovery 
steps (four) before returning to MoS Base as during Pert9L on Day 1 (Fig. 4 and 
Supplementary Tables 2 and 3). A direct comparison of Day 1 Pert9L vs. Day 2 Pert2L 
revealed a significant perturbation number by step interaction (F[9, 153]=2.696, P=0.0061) 
and the post hoc comparisons revealed significant differences for Post3 only (P=0.0002; 
Fig. 4).  
 
Interlimb Transfer and Savings of Gait Adaptations 
The adaptation to perturbations applied to the left leg did not appear to transfer to 
stability recovery following perturbations to the right leg on Day 1, as no significant 
differences were found between Pert1R and Pert10R for any step (Fig. 5; also see 
Supplementary Table 4) and the number of steps needed post-perturbation to return to 
MoS Base was the same during Pert1R and Pert10R (Fig. 5; also see Supplementary Table 
2). However, Pert1R on Day 2 required one step less in order to recover to MoS Base, 
compared to Day 1 Pert1R and Pert10R (Fig. 5 and Supplementary Table 3). In contrast, 
 
Fig. 4: Retention of reactive adaptations in gait. Median and 95% confidence intervals of the 
margins of stability during the ninth perturbation on Day 1 and the second perturbation on 
Day 2, representing the final and first perturbations to the left leg on Day 1 and Day 2, 
respectively (Day 1 Pert9L and Day 2 Pert2L, respectively) during unperturbed walking prior 
to each perturbation (Base), the final step prior to each perturbation (Pre) and the first eight 
recovery steps following the perturbations (Post1-8). *: Significant difference at the indicated 
step between Day 1 Pert9L and Day 2 Pert2L (P=0.0002).  
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the adaptation to perturbations applied to the left leg on Day 2 did appear to transfer and 
benefit stability recovery following perturbations to the right leg, as significant differences 
were found between Pert1R and Pert10R for Post2-5 (Fig. 5; also see Supplementary Table 
5), although the number of steps needed post-perturbation to return to MoS Base was the 
same (four) during Pert1R and Pert10R (Fig. 5; also see Supplementary Table 3). To further 
investigate the results regarding interlimb transfer of reactive adaptations in gait, post-
hoc analyses were conducted (see below).  
The presence of savings was unclear, due to the almost complete retention of 
adaptations on Day 2 (Pert2L Day 2 vs. Pert9L Day 1; Figs. 3 and 4; Supplementary Tables 
2 and 3). Post-hoc analyses were conducted to further investigate savings (see below).  
 
Post-Hoc Analyses of Savings and Interlimb Transfer 
As full retention was seen in the number of steps to recover to MoS Base in Day 2 
Pert2L, compared to Day 1 Pert9L, it was unclear from the pre-planned analysis if savings 
in the recovery response were present. To investigate the possible presence of savings in 
the acute recovery response, Pert2L from each day was analysed in a two-way repeated 
measures  ANOVA  with  day  and  step  as  factors,  with  Bonferroni’s  test  for  multiple 
 
Fig. 5: Interlimb transfer of reactive adaptations in gait. Median and 95% confidence intervals 
of the margins of stability during the first and tenth perturbations (the first and final 
perturbation of the right leg; Pert1R, and Pert10R, respectively) during unperturbed walking 
prior to each perturbation (Base), the final step prior to each perturbation (Pre) and the first 
eight recovery steps following the perturbations (Post1-8) on Day 1 (left panel) and Day 2 
(right panel) of the measurements. #: Significant difference between Pert1R and Pert10R 
(P<0.05). Lines with 1 and 10: All steps under the line were significantly different to Base for 
Pert1R and Pert10R, respectively (P<0.05). 
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comparisons. This analysis revealed evidence of savings, as the rate of recovery to MoS 
Base was significantly faster (savings), with significant post hoc differences between 
Pert2L on Days 1 and 2 at Post4 and Post5 (Fig. 6A and Supplementary Table 6). To further 
investigate savings in the overall recovery response, two way repeated measures ANOVAs 
with step and perturbation number as factors with Bonferroni’s test for multiple 
comparisons were conducted for all perturbations on Day 1 and Day 2, and revealed that 
the number of steps required to reach MoS baseline after the perturbations plateaued at 
four steps from the third perturbation onwards on Day 1, while on Day 2, as little as two 
steps where required by the sixth perturbation (Fig. 6B and Supplementary Table 7). The 
numbers of steps to return to MoS baseline are summarised in Fig. 6B, and the full results 
of these ANOVAs can be found in Supplementary Table 7. 
The pre-planned analysis appeared to reveal evidence of interlimb transfer on Day 
2, but not Day 1. In order to explore these findings further, we calculated the number of 
steps required to reach consistently positive MoS values following Pert1R, Pert2L, Pert9L 
and Pert10R on each day, for each individual. A two-way repeated measures ANOVA with 
day and perturbation number as factors with Bonferroni’s test for multiple comparisons 
revealed significant day (F[1, 17]=8.951, P=0.0082) and perturbation number (F[3, 51]=15.79,  
 
Fig. 6: Savings in reactive adaptations in gait. A: Median and 95% confidence intervals of the 
margins of stability during the first perturbation to the left leg on Day 1 and Day 2 (Day 1 
Pert2L and Day 2 Pert2L, respectively) during unperturbed walking prior to each perturbation 
(Base), the final step prior to each perturbation (Pre) and the first eight recovery steps 
following the perturbations (Post1-8). *: Significant difference between Day 1 and Day 2 
(P<0.05). Lines with Day 1 and Day 2: All steps under the line were significantly different to 
Base for Day 1 and Day 2, respectively (P<0.05). B: The number of steps required during each 
of the ten perturbations on Day 1 and Day 2 to return to baseline margins of stability as 
assessed by two-way repeated measures ANOVAs with Bonferroni’s multiple comparisons 
tests. 
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P<0.0001) effects on the number of steps to reach positive MoS (Fig. 7). Regarding 
interlimb transfer, Pert10R on Day 2 required significantly fewer steps for participants to 
reach positive MoS values compared to Pert1R on Day 2 (P=0.0016) and Pert10R on Day 1 
(P=0.0016; Fig. 7). 
To determine if the apparent interlimb transfer of adaptations in stability on Day 
2 (see Figs. 5 and 7) were purely due to transfer, or partly due to a practice effect of the 
right leg, a two-way repeated measures ANOVA with step and perturbation number as 
factors with Bonferroni’s test for multiple comparisons were conducted for the fourth 
perturbation to each leg: Day 1 Pert5L and Day 2 Pert10R, respectively. No significant 
effect of perturbation number was found. However, during Day 1 Pert5L, three steps were 
needed to return to baseline MoS, whereas during Day 2 Pert10R, five steps were needed 
(Fig. 8).  
 
Discussion 
In this study, we assessed the reactive adaptation of gait in response to repeated gait 
perturbations in young healthy adults, how this adaptation was retained after one month 
(28.4±3.4 days), and if savings and interlimb transfer of these adaptations could be 
observed. We hypothesised that healthy young adults would demonstrate reactive 
adaptation of gait following repeated gait perturbations, that these adaptations would be 
partly retained one month later, that evidence of savings in both the acute response to a 
single perturbation and in the general recovery behaviour over multiple perturbations 
would be found, and that evidence of interlimb transfer of adaptations in stability would 
 
Fig. 7: Number of steps to positive margins of stability. Box plots and individual data points 
of the number of steps required to reach positive margins of stability following the first and 
final perturbation to each lower limb (Pert1R, Pert2L, Pert9L and Pert10R) on each day for each 
participant. *: Significantly different to all other perturbations on that day (P<0.05). #: 
Significant difference between the indicated perturbations (P<0.01). 1 or 2: Significant 
difference to that same perturbation number on Day 1 or Day 2, respectively (P<0.01). 
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Fig. 8: Comparison of the reactive responses to the fourth perturbation of each limb. Median 
and 95% confidence intervals of the margins of stability during the fourth perturbation to 
each leg (Day 1 Pert5L and Day 2 Pert10R, respectively) during unperturbed walking prior to 
each perturbation (Base), the final step prior to each perturbation (Pre) and the first eight 
recovery steps following the perturbations (Post1-8). Lines with R and L: All steps under the 
line were significantly different to Base for the right and left limb, respectively (P<0.05). 
 
be found. The first and second hypotheses regarding adaptation and retention were 
confirmed, as significant improvements in MoS and number of steps to MoS Base during 
the perturbations to the left leg on the first day were observed, and these improvements 
were (almost completely) retained during the first perturbation to the left leg on the second 
measurement day (post one month), confirming previous work demonstrating adaptation 
and retention in reactive gait stability (Bhatt et al., 2012, McCrum et al., 2014, Pai et al., 
2014b, Epro et al., 2018a, Epro et al., 2018b). The third hypothesis regarding savings was 
confirmed in post-hoc analyses, as the pre-planned analysis could not confirm this due to 
the unexpected extent of the retention observed. Finally, our hypothesis that evidence of 
interlimb transfer of adaptations in gait stability would be observed was not conclusively 
supported nor refuted. No clear difference between stability during the two right leg 
perturbations on Day 1 were seen, but improvements in the recovery during the right leg 
perturbations on Day 2 were found. However, we could not conclusively determine if the 
gait adaptations observed during the right leg perturbations on Day 2 were strictly due to 
interlimb transfer or to independent or combined effects of interlimb transfer, 
perturbation repetition, and task awareness.  
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The current study deals with reactive (feedback-driven) adaptations in gait, and 
how these are retained, saved and transferred. We must first confirm that these 
adaptations were indeed predominantly reactive, and that they were not significantly 
influenced by predictive (feedforward) adaptations in gait. Predictive adaptations in gait 
did not occur, at least not in a way that influenced the MoS, as Base and Pre were not 
significantly affected by perturbation number (Supplementary Table 1). This may be, in 
part due to our perturbation paradigm, as no visual cues occurred for these treadmill 
delivered perturbations, as may be the case in overground situations (McCrum et al., 
2017b) and the timing between perturbations was variable and unpredictable. Taking 
these considerations together, we assume that the results represent predominately 
reactive adaptations in gait, and were not due to predictive adjustments. Previous studies 
have also found independent adaptations in reactive stability control (Pavol et al., 2004, 
Lam et al., 2006, Pai et al., 2014b, Welch and Ting, 2014, Patel and Bhatt, 2015). However, 
the current study design does not allow us to determine how much of the adaptations 
observed in gait stability control can be attributed to direct modulation of spinal reflexes 
as seen in response to simulated trip perturbations in infants prior to independent walking 
(Lam et al., 2003, Pang et al., 2003). In the current setup, a number of these reflexes may 
have been adapted, as treadmill belt accelerations have been shown to induce stretch 
reflexes of the plantar flexor muscles (Sloot et al., 2015) and interlimb reflexes (Berger et 
al., 1984). Such reflexes can also be modulated based on the walking environment and the 
potential threat to gait stability (Schneider and Capaday, 2003, Haridas et al., 2008), 
meaning that once the participants in the current study had experienced a perturbation, 
certain reflexes may have been modulated to elicit faster or greater responses, which could 
partly explain the improved gait stability and further adaptation observed on Day 2. Given 
this evidence, it seems reasonable to assume that the adaptation of gait observed in the 
current study could be, at least in part, due to feedback-driven adaptations of spinal 
reflexes that are important for gait stability.  
An interesting outcome on Day 1 was that some participants demonstrated an 
increase, rather than a decrease in stability at Post1 during Pert2L (see Fig. 9 for the 
individual values). With repetition of the perturbations, participants adapted towards a 
decrease in stability (Pert9L, Fig. 9), which was maintained on Day 2. At first glance, this 
change does not appear logical; why would participants decrease their stability with 
practice? On closer inspection of the data and of the video recordings, it appears that some 
individuals created a large increase in the base of support with a large anterior step, to 
prevent a forward loss of balance, resulting in an increase in the MoS. However, as the 
treadmill was moving at a fixed speed, participants then had to “catch up” with the 
treadmill belt. This strategy appears to initially prioritise stability control and neglect the 
secondary task of continuing walking.  
Our results demonstrated that young healthy adults are capable of almost fully 
retaining reactive adaptations in gait over a period of one month. Previous work has 
repeatedly demonstrated partial retention of reactive gait adaptations in healthy adults 
(Bhatt et al., 2012, Pai et al., 2014b, Liu et al., 2017, Epro et al., 2018b). The reasons why 
our participants demonstrate almost full retention are unclear, but could be related to the 
nature of the perturbation, the normalisation procedure or awareness of the task. What 
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Fig. 9: Individual responses to Day 1 perturbations. Individual margins of stability values for 
the steps immediately before (Pre) and after (Post1) the first and final perturbation to the 
left leg on Day 1 (Pert2L and Pert9L, respectively). Four individuals demonstrated an increase 
in margins of stability at Post1 during Pert2L, but not after repetition of the perturbations. 
 
we can conclude from these results is that young adults do not necessarily need frequent 
or consecutive exposure to unexpected gait perturbations to improve their reactive gait 
stability. This finding aligns with one recent study that showed that older adults need 
only one overground slip perturbation to trigger beneficial, long-lasting adaptations in 
stability control (Liu et al., 2017).  
In contrast to our hypothesis, no interlimb transfer of adaptations in reactive gait 
stability appeared to occur on Day 1. This result was surprising for two reasons. Firstly, 
while the perturbations were applied to one leg specifically, multiple recovery steps are 
needed following such perturbations to control balance (i.e. both legs are necessary for 
recovery), as well as upper body control and counter rotations (Hof, 2007). Therefore, we 
suspected that the response during and immediately following each perturbation (i.e. the 
first recovery step) may be limb specific, due to different requirements for braking and 
propulsion similar to previous suggestions for slip recovery (Bhatt and Pai, 2008), but that 
the following alterations in gait would be generalizable and could consequently benefit 
stability control. Secondly, as opposed to most previous studies on interlimb transfer in 
gait (of which one has shown that adaptations transfer across limbs (van Hedel et al., 
2002) while others have not (Prokop et al., 1995, Choi and Bastian, 2007, Houldin et al., 
2012)), our paradigm required reactive adaptation to repeated, unexpected perturbations, 
not feedforward correction of errors during continuous perturbation. Abrupt, as opposed 
to gradual, gait perturbations provide a substantial amount of error feedback that can aid 
participants’ gait adaptation (van Asseldonk et al., 2011, Hussain and Morton, 2014, 
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Roemmich and Bastian, 2015) and savings (Leech et al., 2018). Based on this evidence, we 
reasoned that the adaptations in stability control seen after the perturbations of the left 
leg may be transferred to aid recovery from perturbation to the right leg. One previous 
study that did analyse interlimb transfer of adaptations in reactive gait stability found 
that participants could only transfer pre-perturbation adaptations (predictive, not 
reactive) in gait between limbs (Bhatt and Pai, 2008), but their analysis only included the 
first recovery step and the perturbation was not standardised, meaning that the exact 
impact of the perturbation to each limb may have slightly differed. Regarding the 
improvements in stability observed following the two perturbations to the right leg on Day 
2, we cannot conclusively say, based on the current data, whether or not these were due 
to interlimb transfer of adaptations. Our post hoc analysis seems to suggest that a practice 
effect may have contributed to these findings (Fig. 8), but not all of the first four 
perturbations to each limb occurred on the same day, limiting the conclusions that can be 
drawn.  
 As can be seen in our results, individual responses to the perturbations varied. It 
could be argued that individual variability within and between participants may therefore 
influence the analysis and that by averaging repeated trials, a clearer picture of the effect 
of the perturbations could be gained. However, as the effects of these perturbations are so 
strong, we do not feel that this variability compromises the study. Analysing these initial 
single trials could be considered a strength in terms of ecological validity, as the variation 
in responses is more representative of what is seen in daily life following real, truly 
unexpected perturbations to gait (Allum et al., 2011).  
The participants in the current study were not given any details about the nature 
of the perturbations, but we did consider the possibility that performance on Day 2 could 
be influenced by prior knowledge and experience of the task acquired on Day 1. Even 
though no measurable changes in gait stability during baseline walking were found in the 
current study, previous studies have demonstrated the beneficial effects of increased 
awareness of perturbations on stability recovery performance following trips (Pater et al., 
2015, Oludare et al., 2018). For the eight perturbations to the left leg, the plateau of 
recovery steps required for re-stabilisation on Day 1 was quickly improved upon on Day 2 
(Figs. 6B and 7). It is unclear if this was due to independent or combined effects of 
retention, savings or increased task awareness, but we can conclude that for this form of 
gait perturbation, “complete” adaptation on first exposure does not necessarily represent 
the participant’s best task performance, which has implications for perturbation-based 
balance training programmes.  
In conclusion, we have shown that young healthy adults are capable of adapting 
their gait in a reactive, feedback driven manner to control stability and reduce the number 
of steps to reach positive and baseline values of MoS, and that they can fully retain these 
adaptations over a one-month period. On re-exposure to the perturbations, a combination 
of retention and savings led to further improvements in reactive stability control above 
those made one month before. In contrast to our expectations, evidence of interlimb 
transfer of reactive gait adaptations was inconclusive. Our results show that humans 
utilise retention and savings in reactive gait adaptations to benefit stability, but that 
interlimb transfer may not be exclusively responsible for improvements following 
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perturbations to the untrained limb. These findings broaden our understanding of reactive 
gait adaptability and have implications for future studies on gait stability and 
adaptability, as well as for falls prevention interventions. 
 
Methods 
Participants 
Eighteen healthy adults participated in this study (eight males, 10 females; age: 24.4±2.5y; 
height: 174.9±7.4cm; weight: 74.6±15.2kg). The participants had no self-reported history 
of walking difficulties, dizziness or balance problems, and had no known neuromuscular 
condition or injury that could affect balance or walking. Informed consent was obtained 
and the study was conducted in accordance with the Declaration of Helsinki. The study 
protocol was approved by the Maastricht University Medical Centre medical ethics 
committee (NL58205.068.16).  
 
Setup and Procedures 
The Computer Assisted Rehabilitation Environment Extended (CAREN; Motekforce Link, 
Amsterdam, The Netherlands) was used for this study, which included a dual-belt force 
plate-instrumented treadmill (Motekforce Link, Amsterdam, The Netherlands; 1000Hz), 
a 12-camera motion capture system (100Hz; Vicon Motion Systems, Oxford, UK) and a 
virtual environment that provided optic flow during walking. Three high definition video 
cameras also recorded video footage of the measurements. A safety harness system 
connected to an overhead frame was used at all times. Five retroreflective markers were 
attached to anatomical landmarks (C7, left and right trochanter and left and right hallux) 
and the three-dimensional coordinates of these markers were tracked by the motion 
capture system. Each session began with walking familiarisation trials at 0.4m∙s-1 up to 
1.8m∙s-1. 60s were used for each speed. Participants were then given sufficient rest 
(approximately two minutes) before continuing with the measurements.  
The procedures for determining the stability-normalised walking speed, as well as 
the theoretical background and data regarding the effectiveness of this approach are 
described in detail elsewhere (McCrum et al., 2019b). Briefly, single two-to-three-minute-
long measurements were conducted at 0.4m∙s-1 up to 1.8m∙s-1 in 0.2m∙s-1 intervals. During 
a second rest period for the participants, the stability-normalised walking speed was 
calculated. In order to determine the stability-normalised walking speed, the mean 
anteroposterior margins of stability (MoS; see below) at foot touchdown of the final 10 
steps of each walking trial (0.4m∙s-1 to 1.8m∙s-1) were taken and were fitted with a second 
order polynomial function. For each participant, the walking speed that would result in 
MoS of 0.05m was calculated from the function.  
The gait perturbation protocol then began with three to four minutes of 
unperturbed walking at the stability-normalised walking speed, in order to allow 
participants to familiarise themselves with this speed. The participants then experienced 
10 unilateral treadmill belt acceleration perturbations, each occurring every 30-90s 
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without warning (the washout time periods between perturbations was the same for all 
subjects; Fig. 1). The first and last perturbed the right leg, while the second to ninth 
repeatedly perturbed the left leg (Fig. 1). The perturbation consisted of a 3m∙s-2 
acceleration of the treadmill belt to 180% of the stability-normalised walking speed, 
triggered automatically (using the D-Flow software of the CAREN; Motekforce Link, 
Amsterdam, The Netherlands) when the vertical projection of the hallux marker of the to-
be-perturbed limb became anterior to the hallux marker of the stance limb in the sagittal 
plane. Thereby, the belt acceleration started before foot touchdown to allow a higher 
magnitude of perturbation to the entire stance phase. The belt decelerated when the 
perturbed limb lost contact with the ground (toe-off; see below). Any consecutive foot 
contacts with the perturbed belt (i.e. when both the perturbed limb and the first recovery 
step were accelerated) were noted, but none occurred during the perturbations analysed 
in this study. The participants returned approximately one month later (28.4±3.4 days) 
and repeated the perturbation protocol. On each occasion, participants were told that they 
would complete a walking balance challenge lasting about 10 to 15 minutes, and that their 
task was to try to continue walking as normally as possible. The participants were 
unaware of the specifics of the perturbation protocol (i.e. limbs to be perturbed, type, 
number, timing, magnitude of the perturbations) and no warnings or cues were given prior 
to the perturbations. Note that we also made participants aware of the capacities of the 
CAREN system, in that it could provide perturbations via platform shifts and pitches as 
well as treadmill belt movements. On the second day, they were informed that they would 
again experience a walking balance challenge lasting about 10 to 15 minutes, but that it 
could be different to the first day. We asked the participants about what they perceived 
regarding the perturbations following the first session and no participant was able to 
describe the precise protocol, suggesting that knowledge of the order of the perturbations 
would not have influenced the performance on the second measurement day. This study 
did not account for lower limb dominance, but due to the bipedal nature of the task (i.e. 
multiple recovery steps are required) and that we observed no significant differences 
between the first two perturbations (to the left and right lower limbs, respectively), we do 
not feel that this will have had a meaningful influence on the results. In fact, no previous 
study has highlighted limb dominance to be a major factor in gait stability, with one study 
specifically investigating the issue using a forward lean-and-release task and finding no 
differences between limbs in young and older adults (Madigan and Lloyd, 2005). 
 
Data Processing and Margin of Stability Calculation 
The three-dimensional coordinates of the markers were filtered using a low pass second 
order Butterworth filter (zero-phase) with a 12Hz cut-off frequency. For all steps, the foot 
marker anteroposterior velocity data was used to determine foot touchdown and toe-off 
(the frame in which the marker velocity direction switched) (Zeni et al., 2008). This was 
then corrected based on the average discrepancy between a force plate-determined 
touchdown and toe-off (with a force threshold of 50N) and the marker-determined 
touchdown and toe-off for all steps that contacted only one force plate. This combined 
method was used to be able to accurately account for foot touchdowns and toe-offs 
occurring in the centre of the treadmill triggering both force plates simultaneously. The 
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anteroposterior MoS were calculated for the moment of foot touchdown as the 
anteroposterior difference between the base of support (anteroposterior distance between 
the hallux markers) and the extrapolated centre of mass (XCoM) as defined by Hof et al. 
(2005), adapted for the reduced kinematic model based on Süptitz et al. (2013): 
XCoM =
PTroL + PTroR
2
− PHalluxP +
0.5 (
VTroL + VTroR
2 + VC7) +
|VBelt|
√
g
LRef
 
where PTroL, PTroR and PHalluxP represent the trochanter and the rearmost hallux marker 
anteroposterior positions respectively;  VTroL , VTroR and VC7 are the anteroposterior 
velocities of the trochanter and C7 markers respectively; VBelt is the treadmill belt velocity; 
g is gravitational acceleration (9.81m/s2); and LRef is the reference leg length. The MoS 
concept is one of the few well-defined and well-accepted biomechanical measures of 
mechanical stability of the body configuration during dynamic movement (Bruijn et al., 
2013), with one study demonstrating that, during a forward loss of balance, participants 
who required multiple recovery steps had a negative MoS value at touchdown of the first 
recovery step in all cases, whereas participants who only required this one recovery step 
all had a positive MoS (Arampatzis et al., 2008). The MoS was calculated for the following 
steps: baseline for each perturbation was the mean MoS of the eleventh to second last step 
before each perturbation (Base); the final step before each perturbation (Pre); and the first 
eight recovery steps following each perturbation (Post1-8). 
 
Statistics 
Two-way repeated measures ANOVAs with perturbation number (Pert1R, Pert2L, Pert9L 
and Pert10R, representing the first and final perturbations to each limb on each day) and 
step (Base, Pre, Post1-Post8) as factors with post hoc Tukey’s tests for multiple 
comparisons were used for each day to determine the following: predictive adaptation 
across the perturbation protocol (Perturbation number difference in Base and Pre); acute 
adaptation to the perturbation on each day (Pert2L vs. Pert9L); acute interlimb transfer of 
adaptations on each day (Pert1R vs. Pert10R); savings in the acute recovery response to a 
perturbation (quicker return to baseline MoS in Day 2 Pert2L than Day 1 Pert2L). 
Retention of adaptations over one month was investigated with a separate two-way 
repeated measures ANOVA with Bonferroni's multiple comparisons test (Day 1 Pert9L vs. 
Day 2 Pert2L). Normality of the data was checked using the Shapiro-Wilk test and Q-Q 
plots. In addition to these pre-planned analyses, post hoc explorative statistical tests were 
conducted (see Results). Significance was set at α=0.05. Analyses were performed using 
GraphPad Prism version 7.03 for Windows (GraphPad Software Inc., La Jolla, California, 
USA).  
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Supplementary Table 1. Tukey’s multiple comparison test results for Base and Pre 
margins of stability. 
Tukey's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Day 1 Base     
Pert1R vs. Pert2L 0.0048 -0.02653 to 0.03621 No 0.9787 
Pert1R vs. Pert9L -0.0076 -0.03892 to 0.02381 No 0.9254 
Pert1R vs. Pert10R -0.0030 -0.03439 to 0.02834 No 0.9946 
Pert2L vs. Pert9L -0.0124 -0.04376 to 0.01897 No 0.7385 
Pert2L vs. Pert10R -0.0079 -0.03923 to 0.0235 No 0.9167 
Pert9L vs. Pert10R 0.0045 -0.02684 to 0.03589 No 0.9824 
Day 1 Pre     
Pert1R vs. Pert2L 0.0044 -0.02701 to 0.03572 No 0.9843 
Pert1R vs. Pert9L -0.0073 -0.03868 to 0.02405 No 0.9316 
Pert1R vs. Pert10R -0.0088 -0.04017 to 0.02257 No 0.8878 
Pert2L vs. Pert9L -0.0117 -0.04304 to 0.01969 No 0.7725 
Pert2L vs. Pert10R -0.0131 -0.04452 to 0.01821 No 0.7011 
Pert9L vs. Pert10R -0.0015 -0.03285 to 0.02988 No 0.9994 
Day 2 Base     
Pert1R vs. Pert2L 0.0012 -0.02562 to 0.02796 No 0.9995 
Pert1R vs. Pert9L -0.0066 -0.03342 to 0.02016 No 0.9196 
Pert1R vs. Pert10R -0.0057 -0.03247 to 0.02111 No 0.9474 
Pert2L vs. Pert9L -0.0078 -0.03459 to 0.01899 No 0.8764 
Pert2L vs. Pert10R -0.0068 -0.03364 to 0.01994 No 0.9123 
Pert9L vs. Pert10R 0.0010 -0.02584 to 0.02774 No 0.9997 
Day 2 Pre     
Pert1R vs. Pert2L 0.0142 -0.01262 to 0.04096 No 0.5229 
Pert1R vs. Pert9L -0.0024 -0.02916 to 0.02443 No 0.9958 
Pert1R vs. Pert10R -0.0039 -0.03072 to 0.02286 No 0.9815 
Pert2L vs. Pert9L -0.0165 -0.04333 to 0.01026 No 0.3845 
Pert2L vs. Pert10R -0.0181 -0.04489 to 0.008693 No 0.3032 
Pert9L vs. Pert10R -0.0016 -0.02836 to 0.02523 No 0.9988 
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Supplementary Table 2. Tukey’s multiple comparison test results (step comparisons) for 
margins of stability during perturbation recovery on Day 1. 
Tukey's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Pert1R     
Base vs. Pre 0.0017 -0.03696 to 0.04039 No >0.9999 
Base vs. Post1 0.0746 0.03596 to 0.1133 Yes <0.0001 
Base vs. Post2 0.0856 0.04695 to 0.1243 Yes <0.0001 
Base vs. Post3 0.1139 0.07519 to 0.1525 Yes <0.0001 
Base vs. Post4 0.1032 0.06451 to 0.1419 Yes <0.0001 
Base vs. Post5 0.0515 0.01287 to 0.09023 Yes 0.0011 
Base vs. Post6 0.0275 -0.01116 to 0.06619 No 0.4163 
Base vs. Post7 0.0171 -0.0216 to 0.05576 No 0.9257 
Base vs. Post8 0.0080 -0.03071 to 0.04665 No 0.9997 
Pert2L     
Base vs. Pre 0.0012 -0.03745 to 0.03991 No >0.9999 
Base vs. Post1 0.0690 0.03032 to 0.1077 Yes <0.0001 
Base vs. Post2 0.0763 0.0376 to 0.1149 Yes <0.0001 
Base vs. Post3 0.0920 0.05332 to 0.1307 Yes <0.0001 
Base vs. Post4 0.0921 0.05345 to 0.1308 Yes <0.0001 
Base vs. Post5 0.0465 0.007785 to 0.08514 Yes 0.0059 
Base vs. Post6 0.0189 -0.01978 to 0.05757 No 0.8696 
Base vs. Post7 -0.0053 -0.04401 to 0.03334 No >0.9999 
Base vs. Post8 0.0056 -0.03308 to 0.04427 No >0.9999 
Pert9L     
Base vs. Pre 0.0020 -0.03672 to 0.04063 No >0.9999 
Base vs. Post1 0.1191 0.08043 to 0.1578 Yes <0.0001 
Base vs. Post2 0.0743 0.03563 to 0.113 Yes <0.0001 
Base vs. Post3 0.0541 0.01537 to 0.09272 Yes 0.0005 
Base vs. Post4 0.0482 0.009499 to 0.08685 Yes 0.0034 
Base vs. Post5 0.0204 -0.01826 to 0.0591 No 0.8071 
Base vs. Post6 0.0066 -0.03207 to 0.04529 No >0.9999 
Base vs. Post7 -0.0008 -0.03951 to 0.03785 No >0.9999 
Base vs. Post8 0.0000 -0.03866 to 0.03869 No >0.9999 
Pert10R     
Base vs. Pre -0.0041 -0.04273 to 0.03462 No >0.9999 
Base vs. Post1 0.1018 0.06307 to 0.1404 Yes <0.0001 
Base vs. Post2 0.0964 0.05776 to 0.1351 Yes <0.0001 
Base vs. Post3 0.0943 0.05568 to 0.133 Yes <0.0001 
Base vs. Post4 0.0883 0.04961 to 0.127 Yes <0.0001 
Base vs. Post5 0.0446 0.005905 to 0.08326 Yes 0.0103 
Base vs. Post6 0.0109 -0.02775 to 0.0496 No 0.9965 
Base vs. Post7 0.0007 -0.03793 to 0.03942 No >0.9999 
Base vs. Post8 -0.0087 -0.04742 to 0.02993 No 0.9994 
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Supplementary Table 3. Tukey’s multiple comparison test results (step comparisons) for 
margins of stability during perturbation recovery on Day 2. 
Tukey's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Pert1R     
Base vs. Pre -0.0046 -0.03759 to 0.02849 No >0.9999 
Base vs. Post1 0.0987 0.06567 to 0.1317 Yes <0.0001 
Base vs. Post2 0.1183 0.08531 to 0.1514 Yes <0.0001 
Base vs. Post3 0.1013 0.06826 to 0.1343 Yes <0.0001 
Base vs. Post4 0.0760 0.04298 to 0.1091 Yes <0.0001 
Base vs. Post5 0.0290 -0.004059 to 0.06202 No 0.1433 
Base vs. Post6 0.0093 -0.02379 to 0.04229 No 0.9967 
Base vs. Post7 0.0078 -0.02525 to 0.04082 No 0.9992 
Base vs. Post8 -0.0082 -0.0412 to 0.02487 No 0.9988 
Pert2L     
Base vs. Pre 0.0085 -0.02459 to 0.04149 No 0.9984 
Base vs. Post1 0.1238 0.09074 to 0.1568 Yes <0.0001 
Base vs. Post2 0.0843 0.05126 to 0.1173 Yes <0.0001 
Base vs. Post3 0.0903 0.05724 to 0.1233 Yes <0.0001 
Base vs. Post4 0.0480 0.01494 to 0.08102 Yes 0.0002 
Base vs. Post5 0.0044 -0.02859 to 0.03748 No >0.9999 
Base vs. Post6 -0.0060 -0.03907 to 0.02701 No 0.9999 
Base vs. Post7 -0.0179 -0.05089 to 0.01518 No 0.7847 
Base vs. Post8 -0.0042 -0.03725 to 0.02882 No >0.9999 
Pert9L     
Base vs. Pre -0.0003 -0.03332 to 0.03275 No >0.9999 
Base vs. Post1 0.1439 0.1109 to 0.177 Yes <0.0001 
Base vs. Post2 0.0541 0.02107 to 0.08714 Yes <0.0001 
Base vs. Post3 0.0250 -0.008096 to 0.05798 No 0.328 
Base vs. Post4 0.0164 -0.01668 to 0.04939 No 0.8601 
Base vs. Post5 0.0034 -0.02962 to 0.03646 No >0.9999 
Base vs. Post6 0.0092 -0.0238 to 0.04227 No 0.9968 
Base vs. Post7 -0.0030 -0.03604 to 0.03003 No >0.9999 
Base vs. Post8 0.0005 -0.03251 to 0.03357 No >0.9999 
Pert10R     
Base vs. Pre -0.0028 -0.03584 to 0.03024 No >0.9999 
Base vs. Post1 0.1116 0.07857 to 0.1446 Yes <0.0001 
Base vs. Post2 0.0548 0.02181 to 0.08789 Yes <0.0001 
Base vs. Post3 0.0520 0.01897 to 0.08505 Yes <0.0001 
Base vs. Post4 0.0514 0.01837 to 0.08445 Yes <0.0001 
Base vs. Post5 0.0077 -0.02535 to 0.04073 No 0.9992 
Base vs. Post6 0.0056 -0.02747 to 0.0386 No >0.9999 
Base vs. Post7 -0.0003 -0.03335 to 0.03273 No >0.9999 
Base vs. Post8 0.0011 -0.03196 to 0.03412 No >0.9999 
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Supplementary Table 4. Tukey’s multiple comparison test results (comparing 
perturbations to the right leg) for margins of stability during perturbation recovery on 
Day 1. 
Tukey's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Pert1R vs. 
Pert10R 
    
Base -0.0030 -0.03439 to 0.02834 No 0.9946 
Pre -0.0088 -0.04017 to 0.02257 No 0.8878 
Post1 0.0241 -0.007284 to 0.05545 No 0.1972 
Post2 0.0078 -0.02359 to 0.03915 No 0.9192 
Post3 -0.0225 -0.05391 to 0.008823 No 0.25 
Post4 -0.0179 -0.0493 to 0.01344 No 0.4541 
Post5 -0.0100 -0.04136 to 0.02137 No 0.8441 
Post6 -0.0196 -0.05098 to 0.01175 No 0.3725 
Post7 -0.0194 -0.05073 to 0.012 No 0.3842 
Post8 -0.0197 -0.05111 to 0.01162 No 0.3667 
 
 
Supplementary Table 5. Tukey’s multiple comparison test results (comparing 
perturbations to the right leg) for margins of stability during perturbation recovery on 
Day 2. 
Tukey's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Pert1R vs. Pert10R     
Base -0.0057 -0.03247 to 0.02111 No 0.9474 
Pre -0.0039 -0.03072 to 0.02286 No 0.9815 
Post1 0.0072 -0.01958 to 0.03401 No 0.8992 
Post2 -0.0692 -0.09597 to -0.04239 Yes <0.0001 
Post3 -0.0550 -0.08175 to -0.02817 Yes <0.0001 
Post4 -0.0303 -0.05708 to -0.003496 Yes 0.0195 
Post5 -0.0270 -0.05376 to -0.000176 Yes 0.0478 
Post6 -0.0094 -0.03616 to 0.01743 No 0.8042 
Post7 -0.0138 -0.04057 to 0.01302 No 0.5472 
Post8 0.0036 -0.02323 to 0.03036 No 0.9861 
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Supplementary Table 6. Bonferroni’s multiple comparison test results for margins of 
stability following the first perturbation to the left lower limb on each day. 
Bonferroni's multiple 
comparisons test 
Mean Diff. (m) 95.00% CI of diff. (m) Significant? 
Adjusted 
P Value 
Day 1 Pert2L - Day 2 Pert2L     
Base -0.0068 -0.04848 to 0.03482 No >0.9999 
Pre 0.0004 -0.04126 to 0.04204 No >0.9999 
Post1 0.0479 0.006305 to 0.0896 Yes 0.0126 
Post2 0.0012 -0.04045 to 0.04284 No >0.9999 
Post3 -0.0085 -0.0502 to 0.0331 No >0.9999 
Post4 -0.0510 -0.09263 to -0.009332 Yes 0.0061 
Post5 -0.0488 -0.0905 to -0.007202 Yes 0.0102 
Post6 -0.0317 -0.0734 to 0.009895 No 0.3193 
Post7 -0.0194 -0.06101 to 0.02229 No >0.9999 
Post8 -0.0166 -0.05829 to 0.02501 No >0.9999 
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Abstract 
The ability to rapidly adjust gait to cope with unexpected mechanical perturbations 
declines with ageing. Previous studies however, have not ensured that gait stability pre-
perturbation was equivalent across participants or age groups which may have influenced 
the outcomes. In this study, we investigate if age-related differences in stability following 
gait perturbations remain when all participants walk with equivalent stability. We also 
examine if interlimb transfer of gait adaptations are observed in healthy older adults, by 
examining if adaptation to repeated perturbations of one leg can benefit stability recovery 
when the other leg is perturbed. 30 young and 28 older healthy adults experienced ten 
unpredictable treadmill belt accelerations (the first and last applied to the right leg, the 
others to the left leg) during walking at their stability-normalised walking speeds (young: 
1.32±0.07m/s; older: 1.31±0.13m/s; normalised to an average margin of stability of 0.05m). 
Using kinematic data, we assessed the margins of stability during unperturbed walking 
and the first eight post-perturbation recovery steps. Older adults required three more 
steps to recover during the first perturbation to each leg than the young adults. Yet, after 
repeated perturbations of the left leg, older adults required only one more step to recover. 
Interestingly, for the untrained right leg, the older adults could regain stability with three 
fewer steps, indicating interlimb transfer of the improvements. Age differences in reactive 
gait stability remain even when participants’ walk with equivalent stability. Furthermore, 
we show that healthy older adults can transfer improvements in balance recovery made 
during repeated perturbations to one limb to their recovery following a perturbation to the 
untrained limb. 
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Introduction 
The ability to maintain or regain gait stability following unexpected mechanical 
perturbations such as trips, slips or ground surface changes is negatively affected in older 
age (Bierbaum et al. 2010; Pavol et al. 2002; Süptitz et al. 2013) which reflects older adults’ 
increased risk of falling during walking (Berg et al. 1997; Talbot et al. 2005). However, 
ageing does not greatly affect the ability to improve balance recovery responses to 
unexpected perturbations with repeated practice, nor the retention of these improvements 
over time (Bhatt et al. 2012; Epro et al. 2018a; Epro et al. 2018b; Pai et al. 2014). This has 
led to the development of perturbation-based balance training interventions, whereby 
different perturbations can be experienced and used as a training stimulus in a safe, 
controlled environment (Gerards et al. 2017).  
There is reasonable evidence in humans that increasing motor error during 
locomotion (i.e. mismatch between expected sensory feedback based on the feedforward 
predictions of a normal gait pattern and the actual sensory feedback obtained following a 
perturbation to normal gait) facilitates greater or faster adaptation (Emken and 
Reinkensmeyer 2005; Kao et al. 2013). Motor error during a gait-like task in a stepping 
robot improves motor learning in young adults (Marchal-Crespo et al. 2017; Marchal-
Crespo et al. 2014). Furthermore, adaptation to split-belt and force-field perturbations 
during walking, as well as subsequent retention and savings (faster adaptation on re-
exposure to a perturbation) of these adaptations, often occur to a greater extent following 
abrupt versus gradual exposure to the perturbations (Roemmich and Bastian 2015; 
Torres-Oviedo and Bastian 2012; van Asseldonk et al. 2011). Additionally, experiencing 
large, rather than small, perturbations in an initial task leads to better generalisation to 
other similar locomotor tasks in both split-belt walking (Leech et al. 2018) and slip-
perturbed walking (Liu et al. 2016). These results indicate that older adults who 
experience more balance loss or difficulty recovering from gait perturbations, may 
experience larger motor errors (more diversion from the intended regular gait pattern) 
and experience a relatively larger stimulus for adaptation than younger adults completing 
the same gait perturbation task. In previous gait perturbation studies, transfer between 
similar perturbation tasks has been observed (Bieryla et al. 2007; Parijat and Lockhart 
2012; Yang et al. 2013) but there is only limited evidence of interlimb transfer of reactive 
gait adaptations to perturbations (Bhatt and Pai 2008; McCrum et al. 2018). However, in 
both previous interlimb studies, only young healthy participants were included. If older 
adults had been exposed to similar perturbation conditions, the extent of motor errors 
experienced may have been much greater.  
Walking speed can influence the impact of, and the response to, different 
perturbations (Bhatt et al. 2005; Espy et al. 2010; Pavol et al. 1999). If the same speed is 
used for all participants, this may result in different degrees of task difficulty (McCrum et 
al. 2017; McCrum et al. 2019b). In this study, we first aimed to determine if age-related 
differences in reactive gait stability and its adaptability in response to repeated 
mechanical gait perturbations are found when the participants’ walking speed is 
normalised to gait stability. To achieve this, we applied our recently published method of 
walking speed normalisation which reduces inter-participant differences in gait stability 
(McCrum et al. 2019b) assessed by the margins of stability (MoS; Hof et al. 2005). With 
Part Four: Reactive Gait Stability and Adaptability 
116 
 
 
 
 
 
 
4.2 
 
 
 
 
this method, multiple trials at different walking speeds are conducted, from which a speed 
that results in an equivalent baseline level of gait stability across participants is 
calculated using a polynomial function. As a result, we can infer that any differences in 
the response to the perturbations are not, in whole or part, artefacts of the walking speeds 
of the participants, but rather due to true differences in recovery responses. Based on 
previous work in trips leading to forward balance loss (Epro et al. 2018a; Süptitz et al. 
2013), we hypothesised that older adults would require more steps to regain stability than 
younger adults following the initial perturbation to each leg, despite the stability-
normalised walking speed, but that both groups would be able to adapt their gait to 
improve stability during the repetitions to the left leg. The second aim was to determine 
if interlimb transfer of these adaptations could be observed in healthy older adults, despite 
the limited support in young adults in our previous study (McCrum et al. 2018). Given our 
expectation that older adults would require more steps to regain stability than younger 
adults following the initial perturbation to each leg, and thereby experience greater motor 
error in their early responses, we hypothesised that evidence of interlimb transfer would 
be found in the older adults. 
 
Methods 
Participants 
30 healthy young adults (12 males, 18 females; age: 24±2.5 years; height: 173±8cm; weight: 
71±13.9kg) and 28 healthy older adults (17 males, 11 females; age: 71±4 years; height: 
169±9.3cm; weight: 76±11.9kg) participated in this study. Participants were recruited via 
posters placed around the university and in local gyms and fitness centres. Data from 18 
healthy young adults have been reported in our previous study (McCrum et al. 2018) as 
part of a different analysis. While this was a convenience sample taken from a larger study 
powered for a different outcome, 28 to 30 participants provide sufficient power 
(0.72<β<0.96) to detect the moderate to large effect sizes of interest (Cohen’s d of 0.5-0.7) 
that we observed in our previous study (McCrum et al. 2018). The participants had no self-
reported history of walking difficulties, dizziness or balance problems, had no known 
neuromuscular condition or injury that could affect balance or walking, and could walk at 
a regular pace for 30 minutes without assistance and without stopping. Written informed 
consent was obtained and the study was conducted in accordance with the Declaration of 
Helsinki. The study protocol was approved by the Maastricht University Medical Centre 
medical ethics committee. 
 
Setup and Procedures 
A dual-belt force plate-instrumented (1000Hz) treadmill with a virtual 
environment that provided optic flow during walking (Computer Assisted Rehabilitation 
Environment Extended, CAREN; Motekforce Link, Amsterdam, The Netherlands) and a 
12-camera motion capture system (100Hz; Vicon Motion Systems, Oxford, UK) were used 
in this study. Three high definition video cameras recorded video footage of the trials. Five 
retroreflective markers were attached to anatomical landmarks (C7, left and right 
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trochanter and left and right hallux) and the three-dimensional coordinates of these 
markers were tracked by the motion capture system. Participants were secured in a safety 
harness system throughout the measurements.  
Participants first completed 60-second walking familiarisation trials at speeds of 
0.4m/s up to 1.8m/s in 0.2m/s increments and were given sufficient rest (approximately 
two minutes) before continuing with the recorded trials, comprised of two-to-three-minute-
long trials (to ensure a sufficient minimum number of strides) at the same speeds. While 
participants rested, the stability-normalised walking speed was calculated by fitting a 
second order polynomial function to the mean anteroposterior MoS (see below) of the final 
10 steps of each walking trial (0.4m/s to 1.8m/s) (McCrum et al. 2018; McCrum et al. 
2019b). The theoretical background and data on the effectiveness of this approach are 
described elsewhere (McCrum et al. 2019b). For each participant, the walking speed that 
would result in MoS of 0.05m was calculated from the function. The perturbation trial 
then began with three to four minutes of unperturbed walking at the stability-normalised 
walking speed, followed by 10 unannounced unilateral treadmill belt acceleration 
perturbations, each occurring every 30-90 seconds. Participants were told that they would 
complete a walking balance challenge and to try to continue walking as normally as 
possible. Participants were not aware of the specifics of the protocol (i.e. limbs to be 
perturbed, type, number, timing, magnitude of the perturbations). The first and tenth 
accelerations perturbed the right leg, while the second to ninth accelerations perturbed 
the left leg. The perturbation was a 3m/s2 acceleration of the treadmill belt to a maximum 
speed equal to 180% of the stability-normalised walking speed. The acceleration began 
when the hallux marker of the to-be-perturbed limb passed the hallux marker of the 
opposite foot in the sagittal plane. The belt decelerated at toe-off of the perturbed limb.  
 
Data Processing and Margin of Stability Calculation 
Data processing was conducted in MATLAB (2016a, The MathWorks, Inc., Natick). The 
three-dimensional coordinates of the markers were filtered using a low pass, second order, 
zero phase Butterworth filter with a 12Hz cut-off frequency. Foot touchdown and toe-off 
were determined as previously described (McCrum et al. 2018; McCrum et al. 2019b). The 
anteroposterior MoS (MoSAP) at foot touchdown were calculated as the anteroposterior 
distance between the anterior boundary of the base of support (BoS) and the extrapolated 
centre of mass (XCoM) (Hof et al. 2005), adapted for our reduced kinematic model (Süptitz 
et al. 2013; more details, as well as the equation used for the calculation are available in 
Online Resource 1, eMethods). The mediolateral MoS (MoSML) were also calculated in a 
similar manner (mediolateral components instead of anteroposterior), with the exceptions 
that the treadmill belt velocity was not included in the estimation of CoM velocity and 
that the MoSML was not determined at foot touchdown, but rather the minimum MoSML 
during the stance phase was determined (Hak et al. 2012). The MoS was calculated for the 
following steps: baseline for each perturbation was the mean MoS of the eleventh to second 
last step before each perturbation (Base); the final step before each perturbation (Pre); 
and the first eight recovery steps following each perturbation (Post1-8). 
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Statistics 
To investigate the age-related differences in the responses to novel perturbations 
and the adaptation to repeated perturbations to one leg, two-way repeated measures 
ANOVAs with group (young, older) and step (Base, Pre, Post1-Post8) as factors were 
conducted individually for the first, second and ninth perturbations (the first perturbation 
of the right leg (novel) and the first (novel) and final (adaptation) perturbations of the left 
“trained” leg; Pert1R, Pert2L and Pert9L, respectively). To evaluate any changes in the 
MoSAP during unperturbed walking that would indicate anticipatory adjustments, a 
repeated measure mixed model with perturbation number (Pert1R, Pert2L, Pert9L and 
Pert10R) and age group as factors was conducted. To further investigate which MoS 
components might be responsible for any observed differences in the responses to the novel 
perturbations and the adaptation to repeated perturbations to one leg, the same ANOVAs 
were conducted for the BoS and XCoM. Finally, the same ANOVAs were conducted for the 
MoSML, as we suspected that lateral instability may also be increased in the older adults 
during anteroposterior perturbations (McIlroy and Maki 1996). To determine if interlimb 
transfer of the reactive adaptations occurred in the older adults, two-way repeated 
measures ANOVAs with perturbation number (Pert1R and Pert10R) and step (Base, Pre, 
Post1-Post8) as factors were conducted for MoSAP, BoS and XCoM. For all ANOVAs, post 
hoc Bonferroni tests for multiple comparisons were applied. Sphericity of the data was 
checked and when required, outcomes were adjusted using the Geisser-Greenhouse 
epsilon. Significance was set at α=0.05. Analyses were performed using GraphPad Prism 
version 8.02 for Windows (GraphPad Software Inc., La Jolla, California, USA). 
 
Results 
Similar to our previous work in young adults (McCrum et al., 2018a, McCrum et al., 
2019a), means and standard deviations of the eleventh to second last step before the first 
perturbation revealed that most participants (25 of 30 young adults and 23 of 28 older 
adults) were within one standard deviation of the desired 0.05m MoSAP (Fig. 1). The 
stability-normalised walking speeds (mean±SD, range) were 1.32±0.07m/s, 1.16-1.51m/s 
for the young adults and 1.31±0.13m/s, 1.01-1.50m/s for the older adults. 
All participants were able to recover from the gait perturbations without harness 
assistance. However, one older adult stopped walking after recovering from the first 
perturbation, leading to the treadmill stopping. This participant was therefore excluded 
from the analyses involving Pert1R. Two way repeated measures ANOVAs for Pert1R, 
Pert2L and Pert9L revealed a significant age group effect on MoSAP for Pert1R only (Pert1R: 
F(1, 55)=14.11, P=0.0004, ηp2=0.204; Pert2L: F(1, 56)=2.968, P=0.0904, ηp2=0.050; Pert9L: F(1, 
56)=0.2948, P=0.5893, ηp2=0.005). Significant Step by Age Group interactions were found 
for Pert1R and Pert2L (Pert1R: F(9, 495)=15.55, P<0.0001, ηp2=0.220; Pert2L: F(9, 504)=8.310, 
P<0.0001, ηp2=0.129; Pert9L: F(9, 504)=1.576, P=0.1192, ηp2=0.027). Bonferroni tests for 
multiple comparisons (Fig. 2) revealed that, on average, older adults had MoSAP 
significantly different to Base for at least three steps more than the young adults during 
Pert1R and Pert2L, but during Pert9L older adults had MoSAP significantly different to Base 
for only one step more than the young adults (five vs. four steps). The young and older 
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adults improved their recovery performance following repeated perturbations (Pert2L to 
Pert9L) on average by two and three recovery steps, respectively. Complete Bonferroni 
results can be found in Online Resource 1 (eTables 1 and 2). Regarding the unperturbed 
walking MoSAP, we did find a significant perturbation number effect (F(3, 166)=11.44, 
P<0.0001) and Bonferroni post hoc tests revealed significant differences between Pert1R 
and Pert9L, Pert2L and Pert9L and between Pert2L and Pert10R in the younger adults and 
between Pert2L and Pert9L in the older adults, but these differences ranged from 0.2cm to 
0.8cm and were therefore not considered to have a meaningful effect on the main results. 
 
 
Fig. 1: Anteroposterior margins of stability (means and standard deviations) of the eleventh 
to second last step before the first perturbation across the individual stability-normalised 
walking speeds for young (blue circles) and older (red diamonds) healthy adults.  
 
Fig. 2: Median and 95% confidence intervals (with individual data points) of the 
anteroposterior margins of stability during the first, second and ninth perturbations (the first 
perturbations to the right and left leg and the final perturbation of the left leg; Pert1R, Pert2L, 
and Pert9L, respectively) during unperturbed walking prior to each perturbation (Base), the 
final step prior to each perturbation (Pre) and the first eight recovery steps following the 
perturbations (Post1-8) for young and older adults. BO and BY: Significant difference to Base 
for older and young adults, respectively (P<0.05). *: Significant difference between young and 
older adults (P<0.05).  
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Two-way repeated measures ANOVAs for Pert1R, Pert2L and Pert9L revealed 
significant age group effects on BoS for Pert1R, Pert2L and Pert9L (Pert1R: F(1, 55)=7.862, 
P=0.007, ηp2=0.125; Pert2L: F(1, 56)=11.75, P=0.0011, ηp2=0.173; Pert9L: F(1, 56)=9.078, 
P=0.0039, ηp2=0.139; Fig. 3). Significant Step by Age Group interactions were found for 
Pert1R, Pert2L and Pert9L (Pert1R: F(9, 495)=3.160, P=0.001, ηp2=0.054; Pert2L: F(9, 504)=7.281, 
P<0.0001, ηp2=0.115; Pert9L: F(9, 504)=1.987, P=0.0389, ηp2=0.034; Fig. 3). Bonferroni tests 
for multiple comparisons (Fig. 3) revealed that, on average, older adults had returned to 
BoS values not significantly different to Base by Post4 during each of the analysed 
perturbations. Older adults had a significantly smaller BoS than young adults during 
Post2 to Post4 for Pert2L, and Post3 and Post4 for Pert9L. For XCoM, the ANOVAs revealed 
significant age group effects (Pert1R: F(1, 55)=16.26, P=0.0002, ηp2=0.228; Pert2L: F(1, 
56)=15.64, P=0.0002, ηp2=0.218; Pert9L: F(1, 56)=9.140, P=0.0038, ηp2=0.140; Fig. 3) and Step 
by Age Group interactions (Pert1R: F(9, 495)=10.45, P<0.0001, ηp2=0.160; Pert2L: F(9, 
504)=11.84, P<0.0001, ηp2=0.175; Pert9L: F(9, 504)=2.440, P=0.0101, ηp2=0.042; Fig. 3) for 
Pert1R, Pert2L and Pert9L. Bonferroni tests for multiple comparisons revealed that XCoM 
significantly differed between older and young adults from Post1 to Post4 for Pert1R and 
Pert2L (Fig. 3). Complete Bonferroni results for the BoS and XCoM can be found in Online 
Resource 1 (eTables 3 to 6). Results regarding the MoSML can be found in Online Resource 
1 (eResults, eFigure 1, eTables 7 and 8). 
Regarding the investigation of interlimb transfer in the older adults (Pert1R and 
Pert10R), no significant perturbation number effects were found for MoSAP or MoSML 
(MoSAP: F(1, 26)=2.634, P=0.1167, ηp2=0.092; MoSML: F(1, 26)= 0.03025, P=0.8633, ηp2=0.001; 
Fig. 4). However, significant perturbation number effects were found for BoS and XCoM 
(BoS: F(1, 26)=9.104, P=0.0056, ηp2=0.259; XCoM: F(1, 26)=18.32, P=0.0002, ηp2=0.413; Fig. 4), 
along with significant perturbation number by step interactions for MoSAP, BoS and XCoM, 
but not MoSML (MoSAP: F(4.150, 107.9)=16.42, 𝜀̂=0.4611, P<0.0001, ηp2=0.387; BoS: F(3.029, 
78.74)=5.480, 𝜀̂=0.3365, P=0.0017, ηp2=0.174; XCoM: F(3.920, 101.9)=12.30, 𝜀̂=0.4355, P<0.0001, 
ηp2=0.321; MoSML: F(4.056, 105.5)=0.6885, 𝜀̂=0.4507, P=0.6035, ηp2=0.026; Fig. 4). Bonferroni 
tests for multiple comparisons are indicated in Fig. 4 and revealed that during Pert1R, the 
older adults did not return to MoSAP values not significantly different to Base during the 
eight analysed recovery steps, whereas during Pert10R, they reached this point by Post6. 
During Pert1R, Post1 and Post2 had significantly greater MoSAP than during Pert10R, but 
significantly lower MoSAP during Post8. BoS was significantly smaller during Pert1R than 
Pert10R at Post2. This coincided with significant differences between Pert1R and Pert10R 
in XCoM at Post1, Post2 and Post3, with more anterior XCoM during Pert10R. No significant 
differences in MoSML were observed between Pert1R and Pert10R. Complete Bonferroni 
results for the examination of interlimb transfer can be found in Online Resource 1 
(eTables 9 to 16). 
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Fig. 3: Median and 95% confidence intervals (with individual data points) of the 
anteroposterior base of support and extrapolated centre of mass during the first, second and 
ninth perturbations (the first perturbations to the right and left leg and the final perturbation 
of the left leg; Pert1R, Pert2L, and Pert9L, respectively) during unperturbed walking prior to 
each perturbation (Base), the final step prior to each perturbation (Pre) and the first eight 
recovery steps following the perturbations (Post1-8) for young and older adults. BO and BY: 
Significant difference to Base for older and young adults, respectively (P<0.05). *: Significant 
difference between young and older adults (P<0.05).   
 
Discussion 
In the current study, we aimed to determine whether age-related differences in reactive 
gait stability and its adaptability in response to repeated mechanical gait perturbations 
are found when the participants’ walking speed is normalised to gait stability, and 
whether evidence of interlimb transfer of these adaptations can be observed in healthy 
older adults. We hypothesised that older adults require more steps to regain stability than 
younger adults following the initial perturbation to each leg, despite the stability-
normalised walking speed, but that both groups would be able to adapt their gait to 
improve stability over the repetitions to the left leg. These hypotheses were confirmed, as 
the older adults required approximately three more steps to regain stability during the 
first perturbations to each leg than the young adults and after repeated perturbations of 
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Fig. 4: Median and 95% confidence intervals (with individual data points) of the 
anteroposterior margins of stability, base of support, extrapolated centre of mass and 
mediolateral margins of stability during the first and tenth perturbations (the first and final 
perturbations to the right leg; Pert1R and Pert10R, respectively) including unperturbed 
walking prior to each perturbation (Base), the final step prior to each perturbation (Pre) and 
the first eight recovery steps following the perturbations (Post1-8) for older adults. B1 and 
B10: Significant difference to Base for Pert1R and Pert10R, respectively (P<0.05). *: Significant 
difference between Pert1R and Pert10R (P<0.05).  
 
the left leg, required approximately three fewer steps to recover than during the first 
perturbations and were not significantly different to the young adults at any recovery step. 
These findings confirm previous studies in older adults using slip, trip and surface 
compliance perturbations (Bhatt et al. 2012; Bierbaum et al. 2010; Bierbaum et al. 2011; 
Epro et al. 2018a; Epro et al. 2018b; Pai et al. 2014) and extend these to treadmill belt 
acceleration perturbations during which the walking speed is normalised to stability, 
ensuring equivalent baseline gait stability and task difficulty. We also hypothesised that 
evidence of interlimb transfer would be found in the older adults due to them experiencing 
greater motor error in their early responses. This hypothesis was confirmed, as we found 
a three-step improvement in the steps to reach MoSAP values not significantly different to 
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Base, as well as a more anterior XCoM position during Post1 to Post3 in Pert10R compared 
to Pert1R. 
Ageing has repeatedly been shown to be associated with poorer performance in 
regaining stability following unexpected gait perturbations (Bierbaum et al. 2010; Pavol 
et al. 2002; Süptitz et al. 2013). However, as previously described, potential differences in 
gait as a result of the walking speed choices in previous studies may have affected these 
findings (McCrum et al. 2017; McCrum et al. 2019b). The current study confirms and 
consolidates previously reported age-related differences in reactive gait stability, as age 
differences were observed despite the use of individual stability-normalised walking 
speeds. We found that these age differences in MoSAP were the result of significantly 
smaller XCoM during the first four recovery steps following the first two perturbations and 
to a lesser extent, smaller BoS during the second to fourth recovery steps following the 
first and second perturbations. These results indicate that the older adults responded to 
the treadmill belt acceleration perturbation with a more posterior XCoM and smaller BoS 
than young adults, delaying their stability recovery. This differs to what we have 
previously observed using a cable-trip setup, where the differences have been observed in 
the BoS (Epro et al. 2018a; McCrum et al. 2016; McCrum et al. 2014), reflecting the 
differences in perturbation type. By the final perturbation of the trained leg, more 
posterior XCoM (not significant) and smaller BoS values were still visible in the older adults 
compared to the young adults, but these no longer led to significantly different MoSAP 
values. Multiple studies have demonstrated the ability of healthy adults to reactively 
adapt gait in response to repeated perturbations (Bhatt et al. 2012; Epro et al. 2018a; Epro 
et al. 2018b; Pai et al. 2014) and the current study confirms these findings in a treadmill 
belt acceleration paradigm with stability-normalised walking speeds and walking speed 
normalised perturbations. Therefore, we can conclude that potential differences in the 
initial gait stability or perturbation characteristics likely do not play a large role in 
whether older adults adapt their response to repeated perturbations.  
We previously found little support in young adults for interlimb transfer of reactive 
gait adaptations following the same protocol as the current study (McCrum et al. 2018). 
However, we expected that older adults would require more steps to regain stability than 
younger adults following the initial perturbation to each leg, and thereby they would 
experience greater motor error in their early responses that may stimulate interlimb 
transfer. Our results confirmed this expectation, as we found a three-step improvement in 
the steps to reach MoSAP values not significantly different to Base from Pert1R to Pert10R. 
In addition, perturbation number effects on BoS and XCoM were found. The older adults 
appeared to respond to Pert1R with a more posterior XCoM at Post1 than in Pert10R, and 
with a smaller BoS and posterior XCoM at Post2. This alteration in recovery strategy during 
Post1-3 resulted in the three-step reduction in reaching MoSAP values not significantly 
different to Base. Therefore, it appears that both the overall recovery performance and the 
altered movement strategy were transferred to the untrained leg. However, as it is well 
established that learning following such perturbations can occur within a single trial (Liu 
et al. 2017; Marigold and Patla 2002), we conducted an additional post hoc analysis to 
determine the extent of trial-to-trial learning for the first two perturbations to the left leg 
(Pert2L and Pert3L), in order to determine if the changes from Pert1R to Pert10R could be 
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explained by such a phenomenon. Briefly, we did find differences between Pert2L and 
Pert3L but not to the extent that the differences between Pert1R and Pert10R could be 
largely accounted for by the single trial effect. The complete results of this additional 
analysis can be found in Online Resource 1 (eResults, eFigure 2, eTables 17 and 18).  
An interesting finding of the current study was that the older adults during Pert1R 
and Pert2L demonstrated an increase, rather than a decrease in stability at Post1, whereas 
the young adults during all perturbations and the older adults during Pert9L and Pert10R 
(Figs. 2 and 4) demonstrated a decrease in stability. This increase was caused by a more 
posterior XCoM during Post1 in Pert1R and Pert2L, but not a difference in BoS, implying 
that trunk motion was at least partly responsible. Future work could further investigate 
this using a kinematic model more suited to assessing trunk motion in detail. We speculate 
that this may be one potential reason for the observed interlimb transfer of balance 
recovery performance. While the lower limbs may play very specific roles in perturbation 
recovery during the first recovery step (i.e. push-off versus swing and placing of the foot), 
the role of the trunk may be more generalisable across perturbations to different limbs 
(i.e. counter-rotation to forward balance loss). This may also explain why no clear 
interlimb transfer occurred in our previous study (McCrum et al. 2018) because young 
adults appear to have a more anterior XCoM position than older adults (Fig. 3). Regarding 
our analyses of MoSML, the results did not reveal any substantial differences with age and 
these are discussed in Online Resource 1 (eDiscussion).  
 A limitation of the current work is that it is unclear if these findings would 
generalise to populations with reduced locomotor function and it is these groups that 
potentially could benefit most from perturbation-based balance training programmes 
(Gerards et al. 2017). Therefore, interlimb and intertask transfer of adaptations in 
reactive balance control and the generalisability of these improvements to daily life should 
be further explored. It could be argued that leg dominance may have affected the results, 
but due to the bipedal nature of the task, we think this is unlikely. Only one study has 
specifically investigated the effect of limb dominance on recovery from sudden balance loss 
and found no differences in performance between stepping with the dominant and non-
dominant limbs in young and older adults (Madigan and Lloyd 2005). Another limitation 
worth considering is that despite the evidence provided here that interlimb transfer can 
occur during a single short perturbation session, this does not necessarily imply that this 
will be retained over time, as perturbation dose appears to be related to the degree of 
retention possible (König et al. 2019; Liu et al. 2017). 
 In conclusion, the current results show that healthy older adults have a decreased 
ability to cope with unpredictable gait perturbations compared with younger adults, even 
when their walking speeds are normalised to an equivalent stability value. However, as 
previous studies have also shown, older healthy adults are capable of reactively adapting 
their gait to improve their stability following repeated gait perturbations and can then 
perform similarly to young adults. The current study provides evidence that older adults 
can transfer improvements in the number of steps required for balance recovery following 
repeated perturbations to one limb to their recovery following a perturbation to the 
untrained limb, which in this study was mostly due to an alteration in the XCoM position, 
rather than in the BoS.  
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Online Resource 1: Supplementary Material 
eMethods 
For this study, we used the margins of stability (MoS) concept (Hof et al. 2005), one of only 
a few clearly defined and accepted measures of the mechanical stability of the body 
configuration during gait (Bruijn et al. 2013), useful for assessing changes in gait stability 
due to mechanical perturbations and balance loss. The anteroposterior MoS (MoSAP) were 
calculated at foot touchdown as the difference between the anterior boundary of the base 
of support (anteroposterior component of the hallux marker projection to the ground) and 
the extrapolated centre of mass as defined by Hof et al. (2005), adapted for our reduced 
kinematic model based on Süptitz et al. (2013), as follows: 
XCoM =
PTroL + PTroR
2
− PHalluxP +
0.5 (
VTroL + VTroR
2 + VC7) +
|VBelt|
√
g
LRef
 
where PTroL, PTroR and PHalluxP are the trochanter and the posterior hallux marker 
anteroposterior positions respectively;  VTroL , VTroR and VC7 are the anteroposterior 
velocities of the trochanter and C7 markers respectively; VBelt is the treadmill belt velocity; 
g is gravitational acceleration (9.81m/s2); and LRef is the reference leg length. This reduced 
kinematic model was previously shown to be suitable for assessing the MoS and it’s 
components during unperturbed and perturbed treadmill walking in young, middle and 
older-aged healthy adults, with high correlations and no clear differences compared to a 
full kinematic model (Süptitz et al. 2013). 
 
eResults 
Regarding the MoSML, the two way repeated measures ANOVAs for Pert1R, Pert2L and 
Pert9L revealed a significant age effect for Pert1R and Pert9L, but not for Pert2L (Pert1R: 
F(1, 55)=4.973, P=0.0298, ηp2=0.083; Pert2L: F(1, 56)=2.031, P=0.1597, ηp2=0.035; Pert9L: F(1, 
56)=4.110, P=0.0474, ηp2=0.068; eFig. 1). Significant Age Group by Step interactions were 
found for Pert1R, Pert2L and Pert9L (Pert1R: F(9, 495)=1.965, P=0.0415, ηp2=0.034; Pert2L: F(9, 
504)=2.254, P=0.0177, ηp2=0.039; Pert9L: F(9, 504)=3.610, P=0.0002, ηp2=0.061; eFig. 1). 
Bonferroni tests for multiple comparisons are indicated in eFig. 1 and revealed two 
significant difference between the age groups at Post4 during Pert1R, and significant 
differences at Post5 and Post6 during Pert9L but no major differences were identified pre 
and post repetition of the left limb perturbations, with both age groups showing 
significantly increased MoSML at Post2 and Post3 during Pert2L and Pert9L. Complete 
Bonferroni results can be found in eTables 7 and 8. 
Regarding the investigation of the potential influence of the single trial effect on 
the interlimb transfer results in the older adults, a two-way repeated measures ANOVA 
with perturbation number (Pert2L and Pert3L) and step (Base, Pre, Post1-Post8) as factors 
with post hoc Bonferroni tests for multiple comparisons were conducted for MoSAP. Similar 
to the interlimb analysis, no significant perturbation number effect was found (F(1, 
26)=1.681, P=0.2061), although the size of the effect (ηp2=0.061) was smaller than that of 
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the interlimb analysis (ηp2=0.092). Bonferroni tests for multiple comparisons revealed that 
during Pert2L, the older adults did not return to MoSAP values not significantly different 
to Base during the eight analysed recovery steps, whereas for Pert3L this was achieved at 
Post7, resulting in an average of two steps improvement (eFig. 2). Complete Bonferroni 
results can be found in eTables 17 and 18. 
eFigure 1: Median and 95% confidence intervals (with individual data points) of the 
mediolateral margin of stability during the first, second and ninth perturbations (the first 
perturbations to the right and left leg and the final perturbation of the left leg; Pert1R, Pert2L, 
and Pert9L, respectively) during unperturbed walking prior to each perturbation (Base), the 
final step prior to each perturbation (Pre) and the first eight recovery steps following the 
perturbations (Post1-8) for young and older adults. BO and BY: Significant difference to Base 
for older and young adults, respectively (P<0.05). *: Significant difference between young and 
older adults (P<0.05).  
 
 
 
eFigure 2: Median and 95% confidence 
intervals (with individual data points) of 
the anteroposterior margin of stability 
during the second and third 
perturbations (Pert2L and Pert3L, 
respectively) including unperturbed 
walking prior to each perturbation 
(Base), the final step prior to each 
perturbation (Pre) and the first eight 
recovery steps following the 
perturbations (Post1-8) for the older 
adults. B2 and B3: Significant difference to 
Base for Pert2L and Pert3L, respectively 
(P<0.05). *: Significant difference 
between Pert2L and Pert3L (P<0.05).  
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eDiscussion 
Regarding our analyses of MoSML, the results did not reveal any substantial differences 
with age. Both age groups showed a significant increase in MoSML in some of the first few 
steps post-perturbation, but there was little change in magnitude of these values with 
repetition. This suggests that anteroposterior gait perturbations of this nature require 
some mediolateral balance control but can be accommodated similarly by young and older 
healthy adults. It is not possible to say, based on the current work, if different magnitudes 
or types of anteroposterior perturbations would show a similar lack of effect with age. 
Sideways falls are prevalent among older adults in long-term and many falls initially 
directed anteriorly may lead to a lateral ground contact (Yang et al. 2016). Previous 
findings indicate that older age and falls history are related to lateral instability following 
anteroposterior perturbations to stance (McIlroy and Maki 1996; Rogers et al. 2001). 
However, as the current study deals with perturbations during gait, stance perturbations 
are obviously not directly comparable to those used in the current paradigm. A limitation 
that should be noted is that while our reduced kinematic model has been previously 
validated for the MoSAP and its components (Süptitz et al. 2013), it was not validated for 
the MoSML. Various levels of agreement have been reported in previous studies of CoM 
position estimates between simplified marker sets and the full-body marker sets (Havens 
et al. 2018; Huntley et al. 2017; Vanrenterghem et al. 2010; Yang and Pai 2014) and these 
differences can stem from differences in the marker model (e.g. with and without trunk), 
the analysed locomotion task (e.g. level walking, cutting manoeuvres), the participant 
groups (e.g. healthy young adults, stroke patients) and the gait velocity and experimental 
setup (e.g. overground and treadmill walking). Therefore, we would caution against 
drawing firm conclusions regarding our MoSML results. 
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“Preserved locomotor adaptability is the basis for the design and application of effective 
intervention strategies targeting fall prevention.” 
– Bohm et al. (2015) 
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Abstract 
Falls are a leading cause of injury, hospitalization and even death among older adults. 
While various strength and balance exercise interventions have shown moderate 
reductions in falls incidence among healthy older adults, no significant falls incidence 
improvements have been consistently seen in frail older adults or in patient groups with 
an increased falls risk (e.g. people with Parkinson disease and stroke). This may be due to 
a lack of task specificity of previous exercise interventions to the recovery actions needed 
to prevent a fall. Perturbation-based balance training (PBT) is an emerging task-specific 
intervention that aims to improve reactive balance control following destabilizing 
perturbations in a safe and controlled environment. While early studies were conducted 
predominantly in research laboratory settings, work in clinical settings with various 
patient groups has been proliferating. A systematic search of recent PBT studies revealed 
significant reduction of falls incidence among healthy older adults and certain patient 
groups (e.g. people with Parkinson’s disease and stroke), with clinically relevant 
reductions in frail older adults. The most practical methods in clinical settings may be 
treadmill-based systems and therapist applied perturbations and PBT that incorporates 
multiple perturbation types and directions may be of most benefit. While more controlled 
studies with long-term follow-up periods are needed to better elucidate the effects of PBT 
on falls incidence, PBT appears to be a feasible and effective approach to falls reduction 
among older adults in clinical settings. 
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Introduction 
Falls and fall-related injuries represent a global public health concern for our ageing 
societies. Approximately 30% of people over 60 years old experience a fall in a given year 
(Tinetti et al., 1988, Talbot et al., 2005), with older age and frailty independently 
increasing falls risk (Talbot et al., 2005, Kojima et al., 2015, Gale et al., 2016). Older adults 
with neurological disorders such as stroke and Parkinson’s disease are at an even higher 
risk of falling (Homann et al., 2013). Falls are a leading cause of injury, hospitalization 
and even death among older adults (Tinetti et al., 1988, Terroso et al., 2013); therefore, 
evidence-based interventions for reducing falls and fall related injuries in older 
populations are of great importance.  
Moderate reductions in falls risk (approximately 15-20%) have been seen in healthy 
older adults following exercise interventions including combinations of strength, balance 
and aerobic exercises (Sherrington et al., 2008, Gillespie et al., 2012). However, there is 
mixed evidence for whether such exercise interventions result in a significant reduction 
in falls incidence in frail, older adults (Faber et al., 2006, Fairhall et al., 2014, de Labra et 
al., 2015). Importantly, there is limited evidence for falls risk reduction after such strength 
and balance exercise interventions alone in older adults with Parkinson’s disease (Allen 
et al., 2010, Canning et al., 2015) or after a stroke (Verheyden et al., 2013). One potential 
reason for the inconsistency or lack of effectiveness of such general exercise interventions 
for falls reduction is the lack of task specificity to the recovery actions needed to prevent 
a fall (Oddsson et al., 2007, Grabiner et al., 2014). In order to recover balance following a 
postural disturbance, change-in-support movements (e.g. by taking compensatory steps or 
by grasping nearby objects for support) and counter rotations of body segments can be 
executed (Maki and McIlroy, 2005, Hof, 2007). Training that targets such balance recovery 
mechanisms may be more effective than general exercise (Oddsson et al., 2007, Mansfield 
et al., 2010, Grabiner et al., 2014, Carty et al., 2015). 
The importance of task specific training has led to increasing interest in a new 
approach called perturbation-based balance training (PBT) (Pai and Bhatt, 2007, Maki et 
al., 2008). PBT is a task-specific intervention that aims to improve reactive balance control 
(i.e. rapid reactions to instability) following destabilizing perturbations in a safe and 
controlled environment. Participants are exposed to unexpected balance perturbations 
(e.g. treadmill accelerations, waist pulls, cable-based trips, nudge from a therapist etc.; 
see Fig. 1 for examples) during tasks of daily living, such as standing, walking or rising 
from a chair (Mansfield et al., 2010, Pai et al., 2010). The perturbations during PBT are 
unannounced in order to mimic the accidental and unexpected nature of falls in daily life 
(Pai and Bhatt, 2007) and ensure that the task-specific approach of PBT is in concordance 
with the “specificity of learning” hypothesis (Bachman, 2013).  
Despite the diminished reactive gait stability seen in older adults in response to a 
novel perturbation compared to young adults (Süptitz et al., 2013), reactive locomotor 
adaptation potential (the ability to adapt and improve reactive gait adjustments in a 
feedback-driven manner) does not appear to decline with age (Bohm et al., 2015, Dijkstra 
et al., 2015), nor does it appear to be specific to one mode (stance, sit-to-stand or gait) of 
locomotion  (McCrum  et  al.,  2016b).  By  capitalizing  on  older  adults’  potential  for  
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Fig. 1: Examples of different types of perturbations used in clinical and research settings. (a) 
A therapist-applied lean-and-release perturbation in the mediolateral direction. (b) A cable 
trip perturbation on a standard treadmill causing a forward loss of balance. (c) A treadmill 
belt acceleration perturbation using the Computer Assisted Rehabilitation Environment 
(Motekforce Link, Amsterdam, The Netherlands) causing a forward loss of balance. 
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improvement by providing sufficient and specific stimuli (i.e. PBT), the reactive balance 
control of older adults could be improved, which may reduce falls risk. One recent meta-
analysis of randomized controlled trials using PBT indeed reported significantly lower 
falls incidence in PBT groups following the interventions (Mansfield et al., 2015b), with a 
second meta-analysis combining studies of PBT with voluntary stepping interventions also 
reporting reduced falls incidence (Okubo et al., 2017). However, despite this evidence, it is 
important to consider whether such training is effective and feasible in clinical settings, 
or whether such benefits are only seen in highly controlled laboratory settings, 
information that is not yet explored in detail in the literature. Therefore, in this review, 
we systematically searched the literature for PBT studies with older adults in order to: a) 
examine the characteristics of PBT studies conducted to date with older adults that 
assessed prospective falls incidence; and b) using this evidence from the literature, present 
and discuss a number of considerations for applying PBT in clinical settings, such as the 
perturbation characteristics (type, direction, magnitude etc.) and the training program 
(frequency, volume), that could affect the feasibility and effectiveness of PBT for falls 
reduction among older adults in clinical settings.  
 
Methods 
A systematic literature search with search terms relating to perturbations, training, falls 
and age with date of publication set at 2002 or later was conducted in PubMed and Web 
of Science databases (see Appendix S1 for the full search strategy). Studies were selected 
for inclusion if they conducted PBT with older adults (mean age of 60 years or older), 
reported post-intervention falls data and if a control group was included. Studies that 
conducted PBT but that did not provide specific details on the intervention were excluded 
from the main synthesis. The final search was conducted on January 9th 2017. 
Additionally, reference lists of the discovered articles, previous reviews and other articles 
known to the authors were checked. Studies with healthy older adults, high risk or frail 
older adults, as well as older adults with neurological disorders that met the above criteria 
were considered in the current review. 
 
Results and Discussion  
The complete search and inclusion process can be seen in Fig. 2. The search yielded 802 
records and four articles were identified through other sources. After removing duplicates, 
672 titles were screened. The title screening excluded 489 records, after which the 
remaining 183 abstracts were assessed for inclusion. 32 full texts were then assessed and 
eight articles met all inclusion criteria. The reasons for exclusion at the full text screening 
stage can be found in Fig. 2. A summary of all included articles can be found in Table 1. 
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Fig. 2: Flowchart of systematic search and article inclusion and exclusion process 
 
PBT and Falls Reduction  
Three PBT studies have been conducted with healthy, community-dwelling older adults 
that prospectively monitored falls and included a control group (Mansfield et al., 2010, 
Rosenblatt et al., 2013, Pai et al., 2014a). Rosenblatt et al. (2013) examined the effects of 
PBT on the falls incidence over 1 year of 82 community-dwelling women (mean 65.4 (SD 
7.8) years old) who received 2 weeks (4 1-hour sessions) of PBT (treadmill accelerations) 
compared to a control group. During the 1 year follow-up, the control group (n = 80) 
experienced 31 likely preventable trip-related falls (i.e. compensatory stepping was 
possible), compared to a significantly lower 17 likely preventable trip-related falls in the 
intervention group (Rosenblatt et al., 2013). Pai et al. (2014a) also found a significant 
reduction in falls incidence after PBT in their study (67 community-dwelling older adults 
completed the PBT and 1 year follow-up; 72 (5.5) years old). Participants were exposed to 
either just 1 slip or a single PBT session of 24 unannounced slips. During the follow-up 
period of 12 months, the intervention group had a 50% decrease (34% to 15%, P < 0.05) in 
falls incidence, while no change in falls incidence was seen in the control group, who were  
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2.3 times more likely to fall than those in the intervention group in the 12 month follow-
up period (Pai et al., 2014a). Finally, Mansfield et al. (2010) examined the effects of PBT 
over 6 weeks using a moveable platform during stance to train stepping and grasping 
reactions in older adults and found beneficial effects on balance recovery responses to lab-
based perturbations. The original publication did not report falls data but prospective falls 
data were recorded (reported in Mansfield et al. (2015b)). These data did not reveal 
significant reductions in falls incidence; however, the study was not powered for this 
outcome measure. 
 Two studies have examined the effects of PBT on falls incidence among frail or high 
risk older adults (Shimada et al., 2004, Lurie et al., 2013). Shimada et al. (2004) examined 
the effects of adding 600 minutes of PBT to an existing 6-month physical exercise 
intervention consisting of balance, strength, endurance and pain relieving exercises on 
falls incidence in a group of 15 long-term care facility residents and outpatients at a high 
risk of falling (4 were patients with Parkinson’s disease, 4 were patients who had strokes, 
8 were patients with knee osteoarthritis, the remaining 16 had no specific diagnosis). 
Participants were randomized to the normal exercise intervention or PBT plus the normal 
intervention. During the 6-month follow-up period, the number of falls was 21% lower in 
the intervention group than in the control group which despite being clinically relevant, 
was not statistically significantly different (P = 0.384) to the control group (Shimada et 
al., 2004). Lurie et al. (2013) found similar results in 31 older adults who were referred to 
a physiotherapist for gait and balance training. They compared the results of PBT in 
addition to regular physiotherapy to a control group that received regular physiotherapy 
consisting of strength, mobility and balance exercises. During the 3 month follow-up 
period, fewer participants in the intervention group experienced falls (19.23% vs. 33.33%, 
P = 0.227) and injurious falls (7.69% vs. 18.18%, P = 0.243) in comparison to the control 
group (Lurie et al., 2013). As with Shimada et al. (2004) these results were not statistically 
significant, despite the clinically relevant differences. However, this was a pilot study and 
was not powered to detect differences in falls incidence. Additionally, the 3 month follow 
up period may have been too short to detect significant differences. 
 Three studies have examined the effects of PBT on the incidence of falls in daily 
life among older adults with Parkinson’s disease (Protas et al., 2005, Smania et al., 2010, 
Shen and Mak, 2015). We do not discuss the above-detailed study of Shimada et al. (2004) 
here, as only a proportion of the participants had a neurological disorder. Protas et al. 
(2005) investigated the effects of 8 weeks PBT, in combination with gait training, in 9 men 
with mild to moderate idiopathic Parkinson’s disease and showed a significant reduction 
of falls in the two weeks after the training period, in comparison to the two weeks before 
the training. Smania et al. (2010) conducted a similar study in 28 older adults with 
moderate to severe Parkinson’s disease. 7 weeks balance training incorporating PBT was 
compared with general physical exercise for effects on falls incidence during, and for 1 
month following the intervention (Smania et al., 2010). PBT led to a significant reduction 
in falls during and a non-significant reduction after the intervention compared to the 
month before (Smania et al., 2010). In comparison to the control group, the PBT group 
experienced significantly fewer falls both during and after the intervention (Smania et al., 
2010). Finally, Shen and Mak (2015) reported significantly fewer falls in older adults with 
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mild-to-moderate Parkinson’s disease during a 15-month follow-up after 3 months balance 
training including PBT, compared to participants who had completed strength training. 
While the results of these studies suggest a beneficial effect of PBT on falls risk in 
Parkinson’s disease, all of the interventions had multiple components, only one of which 
was PBT and therefore, the exact effect of PBT is difficult to determine. That being said, 
one recent study demonstrated that people with Parkinson’s disease can adapt their 
reactive dynamic stability control following perturbations to stance and retain motor 
adaptations to a similar degree as healthy older adults over 24 hours (Peterson et al., 
2016). This suggests that reactive adaptation may not be completely inhibited in 
Parkinson’s disease, which is promising for the clinical implementation of PBT in this 
patient group. 
There has been less research conducted on PBT in other patient populations. One 
study of the effects of PBT on falls post-training in people with chronic stroke is currently 
underway (Mansfield et al., 2015a). Preliminary results from another non-randomized 
study including individuals with sub-acute stroke shows a trend for reduced falls in daily 
life following PBT (Mansfield et al., 2016). In both of the previous stroke studies, a 
physiotherapist applied perturbations via pushes and nudges. One other previous study 
in people with chronic stroke incorporated similar PBT exercises into an agility-based 
training program (Marigold et al., 2005). Reduced number of falls during lab-based 
platform perturbations were observed following PBT, but no differences were seen in daily 
life falls incidence (Marigold et al., 2005), probably due to the study not being powered for 
this outcome measure. Despite these promising results, more research is needed to 
determine the effectiveness and feasibility of PBT for falls reduction in patient groups 
with an increased falls risk. 
 
Implementing PBT in Clinical Practice  
In this section, we discuss a number of factors that should be considered when 
implementing PBT in clinical practice. This is done with reference to current research in 
both laboratory and clinical settings. The included studies in this review, as well as studies 
analyzing the effects of PBT on reactive compensatory stepping behavior following lab-
based perturbations are discussed, as the effects of PBT can be evaluated more precisely 
in such laboratory settings. 
 
PBT Setups in Clinical Practice 
While many methods are available for delivering unexpected perturbations, the PBT 
studies that have been conducted in clinical settings have generally opted for treadmill-
based perturbations (Suteerawattananon et al., 2002, Shimada et al., 2004, Protas et al., 
2005, Lurie et al., 2013, Shen and Mak, 2015) or therapist-applied perturbations (Marigold 
et al., 2005, Mansfield et al., 2015a, Mansfield et al., 2016). There are two practical 
advantages to treadmill-based setups: the lack of required space and relative ease of 
securing a fixed harness system above the treadmill. These studies have employed 
treadmill belt accelerations during stance or walking in order to perturb the participant’s 
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balance in a similar manner to a trip or a slip, and this setup appears to be feasible in 
clinical settings (Lurie et al., 2013). Therapist-applied perturbations could be considered 
the most clinically feasible type of perturbations, given the low cost and limited equipment 
required. These can be either internal perturbations (having the patient perform a task 
that causes instability) or external perturbations. External therapist-applied 
perturbations can include lean-and-release or pushing and pulling the participant in 
multiple directions (Mansfield et al., 2015a). The feasibility of PBT in clinical settings is 
also supported by case studies of patients with progressive supranuclear palsy 
(Suteerawattananon et al., 2002) and sub-acute stroke (Mansfield et al., 2011) reporting 
positive outcomes. Once the most feasible setup for PBT has been determined, it is 
important to consider how to best maximize the effects of PBT. 
 
Maximizing Long-Term Effects of PBT 
One key factor that may determine how successful PBT can be for reducing falls is the 
extent to which participants retain improvements in reactive balance control they have 
made during training over the weeks, months and years following training. In PBT 
studies, the long-term effects can be determined via prospective falls monitoring or 
perturbation recovery performance assessed in a laboratory setting. These improvements 
could be enhanced ability to increase the base of support by stepping, decreased reaction 
time to perturbations, or improved counter rotation to control the center of mass (Maki 
and McIlroy, 2005, Pijnappels et al., 2005c). This retention may be affected by a 
combination of the perturbation type and magnitude, but also the training volume. 
Previous studies reported that both healthy older adults and patients with Parkinson’s 
disease, after experiencing a single session of perturbations, showed at least partial 
retention of reactive balance control improvements over short periods of 24 hours (Dijkstra 
et al., 2015, Peterson et al., 2016). Studies with healthy older adults have also 
demonstrated retention over longer periods of 6 (Bhatt et al., 2012, Pai et al., 2014b), 9 
and 12 months (Pai et al., 2014b) in laboratory settings. Retention in compensatory step 
length has also been shown in patients with Parkinson’s up to two months after a two 
week long PBT intervention (Jobges et al., 2004). Retention over such long time periods 
indicates that PBT provides a strong stimulus for the neuromuscular system, which may 
indicate that high training volumes may not be necessary to maximize retention. Bhatt et 
al. (2012) also investigated the effect of experiencing a single slip perturbation 3 months 
after a perturbation session on retention at 6 months. Their results show that such a 
“booster” session helped participants to retain improvements in reactive balance control 
(Bhatt et al., 2012). These findings are potentially important for clinical practice, as they 
indicate that after an initial training period, long-term retention of the benefits of PBT is 
possible and can be enhanced with short additional sessions.  
 
Perturbation Magnitudes 
One way to maximize the effects of PBT is to use perturbations of appropriate magnitude. 
In the studies discussed above, a variety of magnitudes were used, that were either fixed, 
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or progressive with training. High magnitude perturbations, where participants initially 
require support from the harness to regain stability, appear to trigger fast and significant 
adaptation in recovery behavior and long-term retention of motor adaptations (Bhatt et 
al., 2011, Bhatt et al., 2012, Pai et al., 2014a, Pai et al., 2014b). However, studies based in 
clinical settings have generally employed a more progressive increase in perturbation 
magnitude, starting with lower magnitude perturbations and progressing based on the 
supervising physiotherapist’s judgement (Smania et al., 2010, Lurie et al., 2013). While 
perturbation magnitudes that result in participants requiring support from the harness 
have been shown to be effective, these may not always be appropriate for specific groups, 
such as frail older adults or people with neurological conditions, as physical injury is 
possible even if the safety harness is used to prevent a fall to the floor. Additionally, high 
magnitude perturbations might not be tolerated by some frail individuals, which could 
increase withdrawal from the program. It is not yet clear how much perturbation 
magnitude impacts motor learning and retention. In young adults, exposure to smaller 
magnitude perturbations can improve stability control following larger magnitude 
perturbations (Patel and Bhatt, 2015). However, it has also been shown that younger 
adults can recover more effectively from an overground slip after high, rather than low, 
magnitude perturbation experience (Liu et al., 2016). Given the mixed evidence in young 
adults and the benefits of both approaches shown in older adults, selecting perturbation 
magnitudes that are safe and tolerable while still challenging for the participant appears 
to be a reasonable choice for clinical applications. 
 
Perturbation Directions 
Second to the perturbation magnitude, the direction of perturbation should be considered. 
In the studies discussed above, 2 studies applied perturbations that caused a loss of 
balance in the backward direction (Shimada et al., 2004, Pai et al., 2014a). Another study 
applied only perturbations leading to a forward loss of balance (Rosenblatt et al., 2013), 
while 3 studies applied perturbations in both directions (Protas et al., 2005, Lurie et al., 
2013, Shen and Mak, 2015). Although the impact of perturbation direction on falls 
incidence or types of falls experienced is not known, there is evidence to suggest that 
adaptation to perturbations in one direction may not transfer and benefit reactive balance 
control in another direction (Dijkstra et al., 2015, Peterson et al., 2016). Perturbations in 
the mediolateral directions should also be considered when applying PBT in clinical 
settings, due to the reduced mediolateral stability seen in older adults (Maki et al., 2000). 
This reduced mediolateral stability can also be seen during forward compensatory 
stepping, where older adults often struggle to stabilize the leg and keep from falling 
sideways (McIlroy and Maki, 1996, Singer et al., 2016). While repetition of one single 
perturbation may improve certain mechanisms of balance control that can be transferred 
to other tasks (e.g. counter rotations or rapid stepping to enlarge the base of support), it 
seems reasonable to suggest that multidirectional perturbations that target several 
balance recovery strategies, may be the most advantageous for falls reduction in older 
adults. 
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PBT Frequency and Volume 
The optimal frequency and volume of PBT for falls reduction among older adults must be 
considered. While the duration of training sessions in previous studies has not always 
been described, most report sessions of 50 minutes to 1 hour. The frequency and training 
load varies to a greater extent from just single sessions to multiple sessions over a number 
of months. It is important for future research to determine the minimum effective dose for 
falls reduction in different participant and patient groups, as this would minimize the time 
and financial commitment needed for PBT in clinical settings. As stated above, this may 
depend on the magnitude of perturbations used. With high magnitude perturbations, 
relatively low PBT volume may be required for long-term benefits (Bhatt et al., 2011, 
Bhatt et al., 2012, Pai et al., 2014a, Pai et al., 2014b). With lower magnitude perturbations, 
which may be more feasible with frail, older adults or different patient groups, longer 
training periods may be needed in order to result in a significant reduction in falls 
incidence.  
 
Other Considerations 
Falls tend to occur in daily life during execution of movement (e.g., walking or transferring 
from standing to sitting), and rarely occur during quiet standing (Tinetti et al., 1988, Berg 
et al., 1997, Robinovitch et al., 2013). Therefore, perturbations should be applied during 
tasks such as walking (Shimada et al., 2004, Lurie et al., 2013), weight shifting (Mansfield 
et al., 2007, Mansfield et al., 2015a) and rising from a chair (Pavol et al., 2004). Falls can 
also occur in varied environmental circumstances that pose sensory and mechanical 
challenges to balance control (e.g., in the dark/dim light or in a presence of obstacles that 
impede stepping), and may occur when the individual is distracted. Therefore, PBT 
programs should consider adding sensory, environmental, and cognitive challenges during 
training (Pavol et al., 2004, Mansfield et al., 2015a) to help to promote generalizability of 
improved reactive balance control to realistic situations. 
 
Future Research Directions 
Based on the PBT studies discussed in this review, a number of methodological issues 
should be addressed in the future. Firstly, the intervention was not always standardized 
across participants, due to the individualization based on ability and physiotherapist 
judgement (Shimada et al., 2004, Smania et al., 2010, Lurie et al., 2013, Shen and Mak, 
2015). While these studies demonstrate the feasibility of PBT in clinical practice, 
conclusions related to the optimal perturbation number and type are difficult to make. 
Secondly, the falls monitoring follow up period differed between studies, with 4 studies 
following participants for 6 or 12 months and 3 with a follow up period between 1 and 3 
months. This makes comparisons across different interventions more difficult with 
regards to long-term benefits of PBT. As these interventions differed greatly and were 
conducted in different subject groups, it is difficult to determine the components of PBT 
that affect long-term retention in PBT-induced adaptations. Therefore, more controlled 
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studies of PBT with long-term follow up are needed to better determine the effects of 
different PBT components on motor adaptation, retention, and falls. 
 
Conclusion 
PBT appears to be a feasible approach to reduce falls among older adults in clinical 
settings. Based on current evidence, it appears that treadmill-based systems and 
therapist-applied perturbations may be the most practical methods in clinical settings and 
PBT that incorporates multiple perturbation types and directions may be of most benefit.  
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Supporting Information 
Appendix S1: Search Strategy 
 
PubMed Search on 09/01/2017: 
((((((Perturb*[Title/Abstract] OR trip[Title/Abstract] OR slip*[Title/Abstract] OR dynamic 
balanc*[Title/Abstract])) AND (train*[Title/Abstract] OR exercis*[Title/Abstract] OR 
rehabilitation[Title/Abstract])) AND falls[Title/Abstract]) AND (Age[Title/Abstract] OR 
aged[Title/Abstract] OR elderly[Title/Abstract] OR older[Title/Abstract])) NOT 
review[Publication Type]) AND ("2002"[Date - Publication] : "3000"[Date - Publication]) 
Search returned: 157 results 
 
Web of Science on 09/01/2017: 
((TS=(Perturb* OR trip OR slip* OR dynamic balanc*) AND TS=(train* OR exercis* OR 
rehabilitation) AND TS=falls AND TS=(Age OR aged OR elderly OR older)) OR 
(TI=(Perturb* OR trip OR slip* OR dynamic balanc*) AND TI=(train* OR exercis* OR 
rehabilitation) AND TI=falls AND TI=(Age OR aged OR elderly OR older))) AND 
DOCUMENT TYPES: (Article)  
Indexes=SCI-EXPANDED, SSCI, A&HCI, ESCI Timespan=2002-2017 
Search returned: 645 results 
 
Records identified through database searches: 802 records  
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Part Six: 
General Discussion 
 
 
 
 “It gets on my nerves the old ‘Well science doesn’t know everything’. Well science knows it doesn’t 
know everything, otherwise, it would stop.” 
– Dara O’Briain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With adapted excerpts from: 
MCCRUM, C., LEOW, P., EPRO, G., KÖNIG, M., MEIJER, K. & KARAMANIDIS, K. 2018. Alterations in 
Leg Extensor Muscle-Tendon Unit Biomechanical Properties With Ageing and Mechanical Loading. Front 
Physiol, 9, 150. doi: 10.3389/fphys.2018.00150 (in section “Muscles, Tendons and Strength Training”) 
 
VAN HOOREN, B., MEIJER, K. & MCCRUM, C. 2019. Attractive Gait Training: Applying Dynamical 
Systems Theory to the Improvement of Locomotor Performance Across the Lifespan. Front Physiol, 9, 1934. 
doi: 10.3389/fphys.2018.01934 (in section “Gait Robustness”)  
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6.1: Summary of the Main Findings 
This dissertation aimed to further our understanding of how old age might affect gait 
stability and adaptability, with the perspective that this knowledge could improve the 
effectiveness and specificity of exercise-based falls reduction interventions for both 
healthy and clinical populations at an increased risk of falls. Taking the results of the 
individual chapters of this dissertation together, a number of conclusions related to this 
overall aim can be made.  
Firstly, when assessing, comparing or attempting to improve gait stability, the 
walking speed used should always be carefully considered. The results of this dissertation 
have demonstrated that walking speed significantly affects multiple step parameters and 
their variability (Chapter 2.1), the stability of the body configuration (Chapter 3.2) and, 
potentially, the vestibular contribution to locomotor control (Chapter 2.1). Additionally, 
the relationship between walking speed and stability varies from person to person in both 
young (Chapter 4.1) and older adults (Chapter 4.2). These findings imply that the 
outcomes of gait stability assessment, comparisons and training will be affected by the 
chosen walking speed.  
Secondly, older adults generally demonstrate less stability during perturbed gait, 
both when the difference can’t be attributed to the effects of walking speed (Chapter 4.2) 
and during unperturbed gait in some parameters (Chapter 2.1), in comparison to young 
adults. However, gait remains highly adaptable in older age, to the extent that older adults 
can achieve similar stability values to younger adults following a certain number of 
repeated perturbations (Chapters 2.2 and 4.2) and can positively influence their risk of 
falls (Chapters 3.1 and 5.1). That being said, the triggers of gait adaptation are manifold 
and situation specific; within this dissertation, the rate of adaptation to a sustained 
perturbation was found to be slower in older adults (Chapters 2.2), whereas older adults 
appeared to demonstrate interlimb transfer of adaptations to sudden perturbations 
(Chapter 4.2) when younger adults did not (Chapter 4.1).  
Finally, and related to the previous general conclusion, many unanswered 
questions remain regarding how to optimally stimulate long-lasting, generalisable 
adaptations in gait that will have the best chance of translating to a reduced risk of falls 
in daily life (Chapters 3.1, 4.2 and 5.1). 
 
6.2: Exercise-based Fall Risk Assessment and Intervention 
6.2.1: Muscles, Tendons and Strength Training 
It has been known for some time that lower limb strength and power play 
important roles in the age-related changes in locomotion. In early studies, it was 
recognised that the ankle flexors and extensors had greater deficits with age than those 
of the knee (Whipple et al., 1987, Wolfson et al., 1995) and that specifically the ability to 
produce rapid ankle torques was reduced in older age (Thelen et al., 1996). Since then, 
lower plantar flexor strength, leg extension power and knee extensor muscle quality have 
been associated with falls history in older adults (Skelton et al., 2002, Cattagni et al., 2014, 
Gadelha et al., 2018b) and knee extensor strength and muscle quality have been reported 
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to distinguish future fallers from non-fallers (Gadelha et al., 2018a). Laboratory studies 
have also revealed associations between lower limb muscle strength and balance recovery 
following lean-and-release (Grabiner et al., 2005, Karamanidis and Arampatzis, 2007, 
Karamanidis et al., 2008, Carty et al., 2012a, Carty et al., 2012b), trip (Pavol et al., 2002a, 
Pijnappels et al., 2005c, Epro et al., 2018a) and slip (Ding and Yang, 2016) perturbations. 
The leg extensor muscle-tendon units (MTUs) play important roles in locomotion, with the 
muscles opposing gravity and controlling and generating progression by decelerating and 
accelerating the centre of mass and the tendons storing and returning elastic energy to 
the musculoskeletal system (Biewener and Roberts, 2000, Roberts, 2002, Pandy and 
Andriacchi, 2010). As a consequence, the tendons can also have a large influence on 
movement effectiveness (Hof et al., 2002, Lichtwark and Wilson, 2007, Pandy and 
Andriacchi, 2010, Huang et al., 2015). Specifically, the mechanical properties of the 
Achilles (AT) and patellar (PT) tendons (e.g. tendon stiffness) can greatly influence the 
contributions of the triceps surae (TS) and quadriceps femoris (QF) to forward propulsion 
and energy absorption during gait.  
Figure 1 displays an overview of recent literature adapted from McCrum et al. 
(2018b) examining age-related differences in human leg extensor MTU biomechanical 
properties in young and older healthy adults, including muscle strength and the 
mechanical (tendon stiffness), morphological (tendon cross sectional area: CSA) and 
material (Young's modulus of the tendon) properties of the AT and PT. 
 
 
Fig. 1: Percentage differences in triceps surae and quadriceps femoris MTU biomechanical 
properties between older (mean age of 60y or older) and younger (mean age of 30y or 
younger) adults reported in the literature. The black lines represent the median values of the 
means taken from the studies and the circle size is an approximate representation of the 
relative sample size. * indicates the studies that assessed tendon CSA with magnetic 
resonance imaging, while the others used ultrasound. Muscle strength was determined 
during maximum voluntary contractions and reported in the original studies in kg, N, Nm or 
body weight normalized values. Adapted from McCrum et al. (2018b). 
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Based on the available literature, increasing age appears to result in reductions in 
human TS and QF muscle strength accompanied by reductions in AT and PT stiffness and 
elastic modulus, whereas the effect on AT and PT CSA is unclear. Therefore, the observed 
changes in tendon stiffness due to ageing are predominantly due to changes in tendon 
material properties rather than changes in tendon CSA. 
Given the age-related declines in lower limb muscle strength and tendon properties 
important for force production and locomotion, it is not surprising that interventions 
aimed at improving these qualities generally show favourable outcomes with regards to 
falls reduction. Several recent, meta-analyses have estimated that exercise interventions 
including general muscle strengthening and balance exercises can reduce the number of 
people who experience a fall in a given year by 17-22% compared to control groups 
(Sherrington et al., 2017, Tricco et al., 2017, Hamed et al., 2018, Sherrington et al., 2019). 
However, due to the multifactorial nature of the interventions included in these meta-
analyses, as well as the various potential causes of falls, specific mechanisms behind these 
results are difficult to determine. One of our recent studies (Epro et al., 2018b) aimed to 
investigate if improvements in the muscle and tendon properties of the triceps surae, in 
addition to repeated exposure to cable-trip perturbations, would lead to better trip 
recovery performance in older adults. Previous work highlighted a link between 
plantarflexion and trip recovery (Pijnappels et al., 2005b, Pijnappels et al., 2005a, 
Pijnappels et al., 2005c) and we expected that the combined effects of specific resistance 
exercise and perturbation exposure would lead to the greatest benefits. Two groups of 
older women completed a repeated gait perturbation task three times; at baseline, 14 
weeks and 1.5 years (8 cable-trip perturbations on each occasion). One of the groups 
additionally completed resistance exercise, comprised of isometric plantarflexion 
contractions with a high training load (90% of one repetition maximum for five sets of four 
repetitions, two to three times per week) for 14 weeks, with a subgroup continuing for 1.5 
years. Despite significant increases in the triceps surae strength (approximately 25%) 
after 1.5 years of training, the strength training group appeared to have no additional 
advantage during the final gait perturbation session compared with the group who only 
completed the three gait perturbation sessions (Epro et al., 2018b). In alignment with our 
study, another training study (14 weeks, 2 sessions per week) comparing 1.5-hour sessions 
of perturbation-based balance training (PBT) with sessions including 45 minutes PBT and 
45 minutes muscle strength training in older adults found larger improvements in 
stability following a gait perturbation task in the 1.5-hours PBT group (Bierbaum et al., 
2013). These results seem to agree with recent meta-analyses demonstrating a 39-48% 
reduction in the number of people experiencing a fall when higher intensity balance 
exercise or stability-challenging exercise programmes are followed (Sherrington et al., 
2017, Hamed et al., 2018). Exercise programmes focussing specifically on volitional and 
reactive stepping also show similar reductions at 49% (Okubo et al., 2017). These 
reductions far exceed those seen in more general exercise interventions described above 
(17-22%), highlighting the importance of training specificity when it comes to falls 
reduction. 
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6.2.2: Task-specific Balance Assessment and Training 
6.2.2.1: Specificity 
In 2014, Grabiner et al. published an article titled “Exercise-based fall prevention: can you 
be a bit more specific?” which succinctly highlights that the assessment and improvement 
of fall risk through exercise testing and training must be specific to the task. 
Recommendations that balance training should be task-specific have been given for quite 
some time (Tang and Woollacott, 1996, Oddsson et al., 2007, Pai and Bhatt, 2007, Maki et 
al., 2008) and there is now a body of evidence supporting these recommendations. With 
regards to assessment, it is clear that no single test of balance can capture all balance 
requirements for daily life (Patla et al., 1990). A recent meta-analysis reported only small 
correlations between different types of balance performance across the lifespan (Kiss et 
al., 2018). Ringhof and Stein (2018) have also demonstrated that performance of four 
different balance tasks seem to measure distinct balance characteristics and only 
distinguish between swimmers (low postural balance demands) and gymnasts (high 
postural balance demands) when the test closely resembles movements of one of the sports 
(e.g. a jump and land test). Regarding falls, standing balance tests in various forms have 
often been used to assess fall risk, but static and dynamic posturography outcomes could 
not distinguish previous older fallers from older non-fallers in one study (Baloh et al., 
1994) and have repeatedly shown a lack of association with balance recovery performance 
during dynamic and reactive balance tasks (Owings et al., 2000, Mackey and Robinovitch, 
2005, Bhatt et al., 2011, McCrum et al., 2017a).  
 Like balance assessment, balance training also yields task specific improvements. 
One systematic review has demonstrated a task-specific effect of balance training in 
healthy adults and children, whereby trained tasks improve with practice, but untrained 
tasks do not generally improve (Kummel et al., 2016). In studies on perturbation-based 
balance training (PBT), specific improvements in dynamic and perturbed balance tasks 
are observed, as expected, but no or minimal changes are seen in less dynamic or static 
balance tasks (Freyler et al., 2016, Chien and Hsu, 2018, Krause et al., 2018), although 
one study has reported beneficial transfer effects from PBT to standing balance (Kurz et 
al., 2016). Accordingly, it is not surprising that PBT leads to better performance of rapid 
balance control tasks than traditional proactive balance control training (Freyler et al., 
2016) and Tai-Chi training (Aviles et al., 2019). As discussed in Chapter 5.1, PBT for falls 
prevention concords more to the principles of specificity in training and learning than does 
traditional balance training, so these results should not be surprising, and I recently 
attempted to recapitulate this: 
 
“We do not expect athletes to win Olympic medals without practising the 
skills of their sports, so why should we expect older adults to fall less often 
without practising the skills required for avoiding falls?” McCrum (2018) 
 
6.2.2.2: Generalisability 
The concept of specificity in exercise-based falls prevention, while clear and principled, 
may be, in some sense, a double-edged sword, as it concurrently implies that training will 
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be less generalisable. This deserves consideration, as the primary reason for simulating 
fall-like losses of balance in PBT is to increase the generalisability of the training to daily 
life. However, as falls can occur due to a multitude of different perturbations (in 
magnitude, type, direction, limb disturbed, walking environment, etc.), the question is how 
we can maximise the generalisability of our highly specialised PBT tasks?  
 Partial generalisability of adaptations in the recovery response to repeated 
treadmill-delivered trip and slip-like perturbations to untrained trip and slip 
perturbations during overground walking has been reported (Grabiner et al., 2012, Wang 
et al., 2019). Additionally, slip-like perturbations delivered via moveable platforms on a 
walk way lead to adaptations that could benefit balance recovery following slipping on an 
oily surface (Bhatt and Pai, 2009). Similarly, trip-related falls incidence in daily life was 
reduced in one study after four sessions of treadmill-based trip-like perturbation training 
(Rosenblatt et al., 2013). Together, these studies indicate that experiencing repeated 
balance perturbations can benefit recovery performance following other, untrained 
perturbations during walking, if the direction of balance loss, the balance recovery 
mechanisms used and potentially the characteristics of the perturbation are similar. 
However, the extent of the similarity in these components required for successful 
generalisation remains to be accurately determined. As discussed in Chapter 5.1, 
adaptations to perturbations in one direction do not necessarily benefit balance recovery 
following perturbations in other directions, even when the perturbation type and 
magnitude, and therefore the balance recovery mechanisms required are similar (see also: 
Dijkstra et al., 2015; Peterson et al., 2016). However, whether conducting perturbations 
in multiple directions during a training session might have an interference effect on the 
adaptation in balance recovery or the retention of those adaptations has not been 
thoroughly examined. One study in young adults indicated minimal interference between 
adaptation to repeated slip perturbations and subsequent recovery performance following 
a trip (Bhatt et al., 2013) and another reported improvement in the recovery from both 
trips and slips in a mixed perturbation protocol in young adults (Okubo et al., 2018).  
The results presented in Part Four of this dissertation suggest that interlimb 
transfer of adaptations (which also indicates generalizability) following repeated 
perturbations to one limb might depend on the initial responses to the perturbations and 
the extent to which the system estimates that adaptations in the response and the transfer 
of those adaptations is required or necessary. This might suggest that perturbations of a 
high magnitude, relative to the capacities of a participant, might be more likely to 
stimulate generalisable adaptations. A number of other studies seem to support this 
notion. Larger platform slip distances experienced during training (18cm versus 12cm) led 
to better recovery performance following an unconstrained platform slip (up to 150cm) in 
one study with young adults (Yang et al., 2014). In studies using a similar protocol on a 
treadmill, treadmill accelerations at 12m/s (Liu et al., 2016) but not 9m/s (Lee et al., 2016) 
result in improved generalisability of adaptations to an unconstrained platform slip in 
young adults compared to accelerations at 6m/s. Additionally, as well as increasing 
perturbation magnitude, increasing the number of perturbations during training may also 
have a similar effect, as two studies found an increase in generalisability from treadmill-
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delivered perturbations to overground perturbations with an increased volume of 
treadmill perturbations during the training period (Yang et al., 2013, Yang et al., 2018a).  
A final method to better understand how to optimise generalisability of PBT is to 
use an ecological approach, for example, investigating overground and stair climbing gait 
on a moving bus (Karekla and Tyler, 2018b, Karekla and Tyler, 2018a) or analysing the 
reactive stability of train conductors who experience ground surface translations on a daily 
basis (Baumgart et al., 2016). Such studies may, in the future, provide more specific 
insight into dynamic balance control and its adaptation in real life situations that 
represent a risk of falls to older adults.  
 
6.2.2.3: Other Task-specific Targets for Fall Reduction Interventions 
Reactive balance recovery reactions are of great importance for fall prevention, but PBT 
could also incorporate, or be combined with, a few other task-specific training categories 
that all may contribute to safer locomotion in older adults. In the following sections, three 
specific potential targets are described, and Fig. 2 illustrates how each potentially 
contributes to the ability to cope with perturbations during walking. 
 
Foot Placement and Gait Adaptability 
Regarding avoiding obstacles during gait, older adults demonstrate more errors during 
perturbations in visually cued walking than younger adults (Mazaheri et al., 2015, 
Potocanac et al., 2015), and within older adults, prospective fallers perform worse on 
multiple visual cue-directed walking tasks such as obstacle avoidance, sudden stops, goal-
directed stepping and turning tasks (Geerse et al., 2019). Older, compared to younger 
adults also have a reduced ability to adjust stepping during gait initiation when foot 
placement targets are shifted, and consequently have a slower return to stable gait (Sun 
et al., 2017). However, there may be potential to improve foot placement adjustments with 
training, as there is evidence that the avoidance of “forbidden landing zones”, represented 
by coloured projections onto the ground, during trip recovery can be improved with 
practice in young adults (Potocanac et al., 2014). Improving adaptability of foot placement 
could potentially reduce the risk of falls by avoiding dangerous objects or surfaces 
altogether, as well as improving the ability to select safe foot placement locations during 
periods of instability (Fig. 2). 
 
Gait Robustness 
As well as studying the reactive responses following balance loss, it is important to 
consider how the balance loss occurs and if the robustness of the gait pattern to 
perturbations can be improved. In this context, rather than just using large perturbations 
that bring people out of balance, applying smaller perturbations during gait that do not 
require a complete switch of locomotor behaviour may also lead to positive improvements 
in gait stability via an increased robustness of the movement patterns. Both coping with 
small perturbations without a significant change in gait behaviour and with large 
perturbations that do require some explicit recovery movements have previously been 
suggested as key requirements for stable gait (Bruijn et al., 2013), and both show 
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significant declines with increasing age (Maki and McIlroy, 2006, Süptitz et al., 2013, 
Terrier and Reynard, 2015, McCrum et al., 2016a). The importance of studying stability 
during steady-state gait, in addition to reactive stability during larger perturbations, is 
supported by evidence of the relationship between decreased stability during steady state 
gait and falls incidence (Hausdorff et al., 2001, van Schooten et al., 2016, Bizovska et al., 
2018). 
Through the application of small perturbations during steady state walking, the 
stability of specific locomotion attractors may be modified. Attractors represent 
coordination tendencies among system components (Davids et al., 2008), can be identified 
at multiple levels and emerge from the self-organization of the lower and higher-level 
components through circular causality (Haken, 1987). This means that the behaviour of 
components at a higher level will be influenced (i.e., constrained) in a bottom-up manner 
by the behaviour of components at the lower level and vice versa. One study has 
demonstrated alterations in motor primitives while walking and running on uneven, 
compared with even surfaces, creating activation patterns that were more robust to the 
perturbations (Santuz et al., 2018). If the basins of attraction of locomotion attractors 
could be modified in older adults, this could mean that perturbations of a larger magnitude 
(or perhaps greater frequency or unpredictability) could be accommodated without 
significant loss in dynamic stability and therefore changes in the gait pattern. For 
example, while walking over uneven ground, more frequent or larger undulations in the 
surface could be negotiated without loss of dynamic stability and without the need for 
subsequent large reactive balance corrections. One recent study had older participants 
walk on a treadmill with stable and unstable (water) loads in a backpack (Walsh et al., 
2018). As would be expected, step variability was increased, and mediolateral dynamic 
stability decreased in the unstable load condition and electromyography activity was also 
increased to cope with the load (Walsh et al., 2018). If practiced over longer time periods, 
a more robust gait pattern may be the result via alterations such as step width or time, 
joint moments at the ankle to control centre of mass velocity and muscle activation and 
motor primitives at a mesoscopic level. Further research is needed to examine the training 
effects of walking with small continuous unexpected perturbations and whether this 
translates to a more robust response to large perturbations and subsequently reduced falls 
risk, but such training represents one interesting avenue for future falls prevention 
interventions. 
 
Landing 
Given that the duration of falls (i.e. time from balance loss until contact with the ground) 
usually allows sufficient time to plan and make voluntary movements (van Swigchem et 
al., 2009), it may be possible to train people to land in a way that reduces injury risk 
(Robinovitch et al., 2003, Groen et al., 2010a, Moon and Sosnoff, 2017, Robinovitch, 2018). 
One study on trained judo athletes has demonstrated that martial arts falling techniques 
may reduce the risk of fall-related fractures (van der Zijden et al., 2012) and based on 
measurements in young adults, learning these techniques may even be safe for people with 
osteoporosis, if certain safety measures are taken (Groen et al., 2010b). However, most 
studies have been conducted using expected or self-initiated falls and there are indications  
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Fig. 2: Schematic illustrating the potential contribution of gait robustness, foot placement 
adaptability before and after balance loss and safe landing skills to dealing with perturbations 
occurring during walking. 
 
that athletes trained and experienced in falling safely do not tend to perform any better 
in this regard when exposed to an unexpected balance perturbation with which they have 
no prior experience (Feldman and Robinovitch, 2007), indicating that such skills are also 
task specific. Nevertheless, this approach represents another task-specific exercise-based 
method that may be beneficial in specific populations, possibly more so in populations with 
a higher risk or frequency of fall-related injury. 
 
6.3: Challenges in Implementing Fall Risk Assessment and Reduction 
Interventions 
A major challenge of exercise-based falls prevention programmes is that most general 
exercise programmes require relatively long term and consistent participation to achieve 
physiological adaptations that translate to a reduced risk of falls. In the meta-analyses 
described above, exercise programmes of 5 to 130 weeks were included, typically with 1-3 
sessions per week, and a weekly training time of 3 hours or more typically showing larger 
effects (Sherrington et al., 2017, Hamed et al., 2018, Sherrington et al., 2019). To have any 
meaningful impact on population level falls statistics, this implies a huge logistic 
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undertaking to have the facilities, staff and financial support to provide even a proportion 
of our populations with such extensive interventions. A related challenge is that many 
older adults may not consider falls prevention interventions to be worth participating in, 
even with a hypothetical 0% fall risk afterwards, due to the perceived costs and 
inconvenience of participating, as well as the view that they are not in need of such an 
intervention (Chou et al., 2006, Hill et al., 2014, Franco et al., 2015, Franco et al., 2016, 
Kiami et al., 2019). Even among older adults who have received medical treatment due to 
a fall, participation in falls prevention initiatives appears to be minimal (Shankar et al., 
2017). Perturbation-based balance training may partly tackle some of these issues, as 
significant and long-lasting improvements in reactive balance can be achieved with only 
one or two training sessions (Bhatt et al., 2012, Pai et al., 2014a, Pai et al., 2014b, Epro et 
al., 2018b). However, other challenges in implementation lie with healthcare practitioners, 
rather than patients.  
Multiple studies have shown that the majority of general practitioners do not 
specifically assess older patients’ risk of falls unless a fall has already occurred (Wenger 
et al., 2003, Jones et al., 2011, Grant et al., 2015, Kielich et al., 2017, Mackenzie and 
McIntyre, 2019) and there is a general lack of awareness and use of recognised clinical 
guidelines and programmes (Jones et al., 2011, Howland et al., 2018). It is, however, 
reassuring that fall risk screening and fall reduction behaviours among primary care 
providers can be significantly improved through various interventions (Brown et al., 2005, 
Wenger et al., 2009, Tricco et al., 2019). Along similar lines, various surveys of 
physiotherapists concerning balance assessment practices indicate that reactive postural 
control is the least regularly assessed component of balance (Sibley et al., 2011, Oates et 
al., 2017) and when it is assessed, this is usually done using non-standardised methods or 
tests that do not specifically or completely focus on reactive postural adjustments (Sibley 
et al., 2013). However, similar to studies in general practice, there is evidence that 
interventions to encourage standardised reactive balance assessment can increase 
therapists’ use and reporting of reactive balance assessment in clinical settings (Sibley et 
al., 2018). While these challenges of implementation are outwith the scope of this 
dissertation, these issues should continue to be investigated in order to improve the 
number of older adults that receive assessment and training of their reactive balance 
control. 
 
6.4: Future Directions in Specific Populations 
This dissertation and the discussion so far have largely focussed on the assessment and 
improvement of gait stability in healthy older adults. However, a few other populations 
require some further discussion. In this section, the current state of research and future 
perspectives for research in the assessment and improvement of gait stability in bilateral 
vestibulopathy and neurological disease more broadly will be briefly outlined. 
 
6.4.1: Bilateral Vestibulopathy 
As described in Chapter 2.1, one specific population where vestibular function is severely 
affected is bilateral vestibulopathy (BVP). In BVP, partial or complete loss of peripheral 
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vestibular function affects the vestibulo-ocular, vestibulo-collic and vestibulo-spinal 
reflexes, responsible for maintaining stable gaze, head position and posture, respectively 
(Goldberg et al., 2012, Kingma and van de Berg, 2016, Strupp et al., 2017). Not 
surprisingly, these patients experience instability of posture and gait, as well as an 
increased risk of falls (Guinand et al., 2012a, van de Berg et al., 2015, Horak et al., 2016, 
Lucieer et al., 2016, Schlick et al., 2016, Schniepp et al., 2017, Sprenger et al., 2017, Grill 
et al., 2018, McCrum et al., 2018c). Additionally, significantly higher falls incidence has 
been reported in BVP (51.1% since onset – age range 30-80 years, n=45) than in unilateral 
vestibulopathy (30% since onset – age 24-86 years, n=70; Herdman et al., 2000). These 
findings, as well as outlining the balance and gait related deficits that people with 
vestibulopathy experience, highlight the importance of the vestibular system for the 
control of posture and gait more generally. Critically, the majority of people with BVP do 
not see any improvement in their symptoms over time (Zingler et al. 2009). It is currently 
unclear if exercise-based falls prevention strategies alone could be effective in improving 
gait stability in BVP. However, three other types of technical therapeutic intervention 
may hold some promise (Wuehr et al., 2017). Sensory substitution devices that provide 
vibrotactile feedback based on the person’s movement appear to improve balance and 
mobility in BVP (Wuehr et al., 2017, Kingma et al., 2018) and noisy galvanic vestibular 
stimulation has shown some early signs of beneficial effects on balance and gait in healthy 
adults and in BVP where there is some residual function (Wuehr et al., 2017, Herssens 
and McCrum, 2019). Finally, recent advances in the vestibular implant in humans are 
promising, with partial or complete restoration of various vestibular reflexes and functions 
having already been demonstrated (for further details, see: Perez Fornos et al., 2014, 
Guinand et al., 2015, Perez Fornos et al., 2017, van de Berg, 2018). However, the role that 
balance and gait assessment can play in the assessment of people with BVP and in the 
evaluation of the effectiveness of such interventions requires more investigation. The 
results presented in Chapter 2.1 indicate that gait variability at specific walking speeds 
may provide insight into vestibular function that goes beyond the information provided by 
several typical clinical tests of vestibular function, but further investigations into balance 
and gait in BVP are needed to explore the potential utility of such assessments for research 
and clinical applications.  
 
6.4.2: Neurological Disease 
As outlined in Chapter 5.1, older adults with neurological disorders are at an increased 
risk of falling over and above that associated with ageing alone (Homann et al., 2013). It 
is also worth repeating that there is limited evidence that traditional strength and balance 
exercise interventions reduce the risk of falls in older adults with Parkinson’s disease or 
stroke (Allen et al., 2010, Verheyden et al., 2013, Canning et al., 2015). As described 
throughout this dissertation, the increased task-specificity of perturbation-based balance 
training (PBT) may result in greater reductions in falls risk. However, this assumes that 
adaptations in reactive balance control can be successfully achieved and retained over 
time. Our group has recently proposed the hypothesis that people with neurological 
disorders whose sensory input or motor control is affected may have a decreased 
responsiveness to repeated gait perturbations and that more perturbation trials will be 
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needed to stimulate these adaptations, reflecting a rightward shift in the PBT dose-
response relationship (Karamanidis et al., 2019). In turn, the retention and 
generalizability of these adaptations may be negatively affected in people with 
neurological disorders, limiting the overall effectiveness of PBT for falls prevention 
(Karamanidis et al., 2019). It remains an area for future research to experimentally 
investigate the perturbation dose-response relationship in these patient populations, as 
well as the underlying neurological factors involved in gait adaptation, which should 
provide more insight into the potential for PBT to reduce falls in these groups. 
 
6.5: Conclusions of the General Discussion 
This dissertation aimed to further our understanding of how old age might affect gait 
stability and adaptability, with the perspective that this knowledge could improve the 
effectiveness and specificity of exercise-based falls reduction interventions for both 
healthy and clinical populations at an increased risk of falls. In addition to the conclusions 
made in the various chapters in this dissertation, this general discussion has proposed 
several conclusions, perspectives and directions for future research on, and 
implementation of, the assessment and improvement of gait stability in older adults. 
While improving general muscle strength is no doubt important for a number of other 
reasons, the gait stability of older adults, and therefore falls risk, is not necessarily 
drastically improved with enhancements in muscle strength. Task specific assessment and 
training of gait and balance is required to have insight and positive influence on the risk 
of falls in older adults. Future research must continue explore how to optimise the 
effectiveness of PBT in terms of generalisability to daily life balance challenges. Other 
task specific skills such as gait robustness, foot placement and obstacle avoidance and safe 
landing may be complimentary to PBT and result in an overall greater effect on falls 
incidence and fall-related injuries. Finally, a number of challenges in improving the fall 
risk of people with BVP and other neurological disorders exist and the effects of technical 
therapeutic interventions, as well as task specific exercise-based training of balance and 
gait in these patients should continue to be investigated. 
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7.1: English Summary 
This dissertation aimed to further our understanding of how old age might affect gait 
stability and adaptability, with the perspective that this knowledge could improve the 
effectiveness and specificity of exercise-based falls reduction interventions for both 
healthy and clinical populations at an increased risk of falls.  
Part One of this dissertation reviewed the incidence, causes and consequences of 
falls among older adults. Humans are living longer than ever before and the percentage of 
older people in our populations will continue to rise for the foreseeable future. As a result, 
age-related health risks and disease are becoming a larger and larger burden on our older 
populations and our societies as a whole. Falls and their consequences are one of the most 
common risks to health, mobility and quality of life among older adults and the number of 
injuries and hospital admissions because of falls have been increasing in recent years. In 
particular, mechanical perturbations such as trips und slips during walking present a 
significant risk for falls in older adults. Therefore, Part One concluded that examination 
of the stability and adaptation of gait during such mechanical perturbations may help 
improve the effectiveness of interventions aimed at reducing falls, by identifying specific 
mechanisms of gait adaptation that can be exploited.  
Part Two of this dissertation examined gait variability and stability during 
walking tasks targeting predominantly predictive control during unperturbed and 
perturbed gait. Chapter 2.1 assessed the gait of young and older healthy adults, as well 
as adults with bilateral vestibulopathy, during multiple walking speeds, to elucidate the 
potential role of the vestibular system in unperturbed gait control. The findings 
demonstrated that walking speed significantly affects multiple gait parameters and their 
variability in all the participant groups, and potentially influences the vestibular 
contribution to locomotor control. Chapter 2.2 used a sustained resistance perturbation 
to explore the predictive adaptation of gait to control stability in young, middle-aged and 
older adults, to investigate how such control might change across the adult lifespan. 
Following a certain number of repeated perturbations, the older adults could achieve 
similar stability values to younger adults, but the rate of adaptation to a sustained 
perturbation was found to be slower in the older adults. 
Part Three of this dissertation examined methodological aspects of reactive gait 
stability assessment using perturbations and how we might improve our experimental 
procedures to better understand how people control and adapt their gait on exposure to 
unexpected perturbations. Chapter 3.1 reviewed previous studies and their 
methodologies for examining reactive gait stability during unexpected perturbations in 
older adults and made suggestions regarding what methodological aspects required 
further investigation and regarding considerations for future research. In response to the 
outcomes of the literature review, Chapter 3.2 confirmed that walking speed significantly 
affects the stability of the body configuration during walking and presented a method to 
reduce interindividual differences in gait stability prior to experiencing a perturbation, 
allowing a theoretically more accurate examination of responses to gait perturbations and 
any subsequent adaptations in gait. 
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Part Four of this dissertation subsequently applied the improved methodology to 
examine how young humans adapt, retain and transfer adaptations in gait stability to 
controlled gait perturbations (Chapter 4.1) and whether or not the processes of 
adaptation and transfer are altered in older adults (Chapter 4.2). Furthermore, Chapter 
4.2 investigated whether or not having young and older participants walk with equivalent 
gait stability using the methods presented in Chapter 3.2 would lead to different 
conclusions than those previously reported in the literature regarding age-related 
differences in gait stability. The results demonstrated that the relationship between 
walking speed and stability varies from person to person in both young (Chapter 4.1) and 
older adults (Chapter 4.2) and that older adults could demonstrate interlimb transfer of 
adaptations to sudden perturbations (Chapter 4.2) when younger adults did not 
(Chapter 4.1). 
Part Five reviewed the literature to examine the characteristics of perturbation-
based balance training studies conducted with older adults that assessed prospective falls 
incidence and discussed several considerations for applying perturbation-based balance 
training in clinical settings. The results indicated that perturbation-based balance 
training is a feasible approach to reduce falls risk in healthy and clinical populations and 
the most feasible methods appear to be treadmill-based systems and therapist-applied 
perturbations. While more research into specific perturbation characteristics is necessary, 
using perturbations of multiple types, directions and magnitudes seems advisable based 
on the reviewed literature.  
Part Six of this dissertation discussed the results of all parts of this dissertation 
within the broader context of exercise-based falls prevention and a number of conclusions 
were drawn. While improving general muscle strength is important for older adults for 
several other health and function-related reasons, the gait stability of older adults, and 
therefore falls risk, is not necessarily drastically improved with enhancements in muscle 
strength through resistance training. Task specific assessment and training of gait and 
balance is required in order to gain insight into, and positively influence, the risk of falls 
in older adults. Despite the strong evidence for these points, future research must continue 
to explore how to optimise the effectiveness of perturbation-based balance training in 
terms of retention and generalisability to daily life balance challenges. Other task specific 
skills such as gait robustness, gait or foot placement adaptability and safe landing 
techniques may be complimentary to perturbation-based balance training and result in an 
overall greater effect on falls incidence and fall-related injuries. Several challenges in 
improving the fall risk of people with bilateral vestibulopathy and other neurological 
disorders exist related to their residual function and capacity to respond to physical 
exercise interventions. To this end, the effects of ever-improving technical therapeutic 
interventions, as well as task specific exercise-based training on balance and gait in these 
patients should continue to be investigated. 
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7.2: Nederlandse Samenvatting 
In het kader van valpreventie is kennis omtrent de invloed van leeftijd op de stabiliteit en 
het aanpassingsvermogen tijdens het lopen essentieel. Middels dit proefschrift is getracht 
de kennis hieromtrent te vergroten met als doel de effectiviteit en de specificiteit van 
valpreventieve oefenprogramma’s te optimaliseren voor personen met een verhoogd 
valrisico. 
In deel een van dit proefschrift worden de incidentie, alsmede de oorzaken en 
consequenties van vallen bij oudere patiënten beschreven. Vanwege de vergrijzing 
verandert de leeftijdssamenstelling van de bevolking en neemt het aandeel van oudere 
leeftijdsgroepen de komende jaren aanzienlijk toe. Als gevolg hiervan neemt ook het 
aantal leeftijdsgebonden gezondheidsrisico's en ziekten toe. De negatieve impact van deze 
ziektebeelden op de kwaliteit van leven, alsmede op de maatschappij is groot. Vallen, en 
de gevolgen hiervan, hebben grote, negatieve consequenties ten aanzien van algemene 
gezondheid, mobiliteit en de kwaliteit van leven voor oudere personen. Het aantal 
verwondingen en ziekenhuisopnames ten gevolge van een val zijn dan ook aanzienlijk 
toegenomen de afgelopen jaren. Valincidenten bij ouderen worden voornamelijk 
veroorzaakt door mechanische verstoringen tijdens het lopen (bijvoorbeeld struikelen en 
uitglijden). Derhalve wordt in deel een geconcludeerd dat onderzoek naar de stabiliteit 
en vermogen tot aanpassing van het looppatroon tijdens dergelijke verstoringen van groot 
belang is om de effectiviteit van valpreventieve interventies te verbeteren. Een beter 
begrip van de specifieke mechanismen achter loopaanpassingen is hiervoor een vereiste. 
In deel twee van dit proefschrift wordt de loopvariabiliteit en loopstabiliteit 
tijdens verschillende looptaken, met en zonder externe verstoringen, onderzocht. In 
hoofdstuk 2.1 is het looppatroon bij verschillende loopsnelheden van gezonde 
volwassenen (jong en oud), alsmede van volwassenen met bilaterale vestibulopathie 
onderzocht, om zo de mogelijke rol van het vestibulaire systeem bij een onverstoord 
looppatroon te verduidelijken. De resultaten tonen aan dat loopsnelheid een grote invloed 
heeft op de verschillende loopparameters en hun variabiliteit in alle deelnemende groepen, 
en dat loopsnelheid mogelijk ook de bijdrage van het vestibulaire systeem aan de 
motorische controle beïnvloedt. Hoofdstuk 2.2 beschrijft het vermogen om het 
looppatroon aan te passen als reactie op een constante weerstand tijdens de zwaaifase bij 
jonge, middelbare en oudere personen. Na een reeks herhalingen tonen alle drie de 
leeftijdsgroepen een vergelijkbare loopstabiliteit, echter ouderen passen zich aanzienlijk 
langzamer aan na een verstoring dan jongeren. 
In deel drie van dit proefschrift worden de methodologische aspecten van het 
onderzoek naar reactieve loopstabiliteit middels het gebruik van verstoringen onderzocht. 
Dit hoofdstuk bediscussieert op welke manier we onze experimenten kunnen 
optimaliseren om meer inzicht te krijgen in de controle en de aanpassingen van het 
looppatroon bij volwassenen. In hoofdstuk 3.1 wordt een overzicht gepresenteerd van 
eerder uitgevoerde studies en methoden om de reactieve loopstabiliteit van ouderen ten 
gevolge van onverwachte verstoringen te besturen. Op basis hiervan zijn 
aanknopingspunten voor verder onderzoek geformuleerd. In navolging van deze 
literatuurstudie wordt in hoofdstuk 3.2 aangetoond dat loopsnelheid de dynamische 
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stabiliteit beïnvloedt. Daarnaast wordt een methode gepresenteerd die de inter-
individuele verschillen in loopstabiliteit vermindert en daardoor het onderzoek naar 
verstoringen in het gangbeeld meer accuraat maakt. 
In deel vier van dit proefschrift wordt gebruik gemaakt van de eerder beschreven, 
geoptimaliseerde methodologie om te onderzoeken hoe jongeren hun loopstabiliteit 
controleren en aanpassen (hoofdstuk 4.1). Ook is gekeken of dit verschilt van ouderen 
(hoofdstuk 4.2). Daarnaast wordt in hoofdstuk 4.2 onderzocht of de reeds in literatuur 
gerapporteerde resultaten met betrekking tot leeftijdgerelateerde verschillen in 
loopstabiliteit kunnen worden bevestigd met behulp van de methode die wordt 
gepresenteerd in hoofdstuk 3.2. De resultaten tonen een intra-individuele variabiliteit 
aan van de relatie tussen loopsnelheid en loopstabiliteit voor zowel jongere (hoofdstuk 
4.1), evenals oudere volwassenen (hoofdstuk 4.2); Bovendien wordt aangetoond dat 
alleen bij oudere volwassenen een tranfer plaatsvindt van de aanpassingen van het 
getrainde been naar het ongetrainde been.  
De literatuurstudie in deel vijf geeft meer inzicht in de kenmerken van op 
verstoring gebaseerde balanstraining bij ouderen met een verhoogd valrisico; Daarnaast 
wordt in deel vijf ook de toepassing hiervan voor de kliniek bediscussieerd. Resultaten 
tonen aan dat balanstraining met behulp van verstoringen een geschikte manier is om het 
valrisico voor gezonde en klinische populaties te verlagen (waarbij training op een 
loopband danwel met een therapeut het meest geschikt lijkt). Hoewel verder onderzoek 
nodig is naar specifieke verstoringskenmerken, toont de huidige literatuur aan dat een 
diversiteit van mechanische verstoringen (in multipele richtingen, van verschillende 
grootten en verschillende soorten) het best gebruikt kan worden. 
In deel zes van dit proefschrift worden alle resultaten van dit proefschrift binnen 
de bredere context van valpreventieve training beschreven en worden een aantal 
conclusies getrokken.  Hoewel het verbeteren van de spiercapaciteit een positieve invloed 
heeft op de lichaamsfuncties en de algehele gezondheid, verbetert dit niet 
noodzakelijkerwijs de loopstabiliteit van ouderen en verlaagt dit dus ook niet het valrisico. 
Taakgerichte analyse en taakgerichte loop- en balanstraining is nodig om meer inzicht te 
krijgen in het valrisico bij ouderen alsmede dit op een positieve manier te beïnvloeden. 
Ondanks dit overtuigende bewijs is verder onderzoek nodig om de effectiviteit van 
verstorings-gebaseerde evenwichtstraining te optimaliseren bij het handhaven en 
overbrengen van leereffecten naar de dagelijkse uitdagingen in de loopbalans. Andere 
parameters, zoals neuro-motorische bewegingscontrole, een gecontroleerde voetplaatsing 
en veilige val- en landingstechnieken moeten hand in hand gaan met op verstoring 
gebaseerde balanstraining om het positief effect op valrisico of valgerelateerd letsel te 
vergroten. Vooral het onderzoek ten aanzien van het verlagen van het valrisico van 
personen met bilaterale vestibulopathie en andere neurologische ziekten kent 
verschillende uitdagingen door bijvoorbeeld een verminderd aanpassingsvermogen en een 
verminderde fysieke belastbaarheid. Daartoe moeten de effecten van steeds betere 
technische en therapeutische opties en taakspecifieke trainingsprogramma's voor lopen 
en balans verder worden onderzocht in deze patiëntengroep. 
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7.3: Deutsche Zusammungfassung 
Die vorliegende Dissertation zielt darauf ab unser Verständnis zum Einfluss von Alter auf 
die Gangstabilität und Ganganpassungsfähigkeit zu erweitern. Damit sollen die neu 
gewonnenen Erkenntnisse zu einer Verbesserung von Effektivität und Spezifität 
spezieller Trainingsmaßnahmen zur Prävention von Stürzen für sowohl gesunde als auch 
klinische sturzgefährdete Bevölkerungsschichten führen. 
Teil Eins dieser Dissertation überprüft die Epidemiologie, Ätiologie und 
Konsequenzen von Stürzen bei älteren Personen. Die Lebenserwartung steigt zunehmend 
und der Anteil älterer Menschen innerhalb der Bevölkerung wird in Zukunft weiterhin 
ansteigen. Infolgedessen werden altersbedingte Gesundheitsrisiken und Krankheiten ein 
immer größeres Problem für die Älteren und die Gesellschaft als Ganzes. Stürze und deren 
Folgen zählen zu den häufigsten Risiken für Gesundheit, Mobilität und Lebensqualität 
Älterer und die Anzahl sturzbedingter Verletzungen und Krankenhausaufenthalte sind 
in den letzten Jahren weiter gestiegen. Vor allem mechanische Störungen 
(Perturbationen) während des Gehens (z.B. Stolpern und Ausrutschen) stellen eine 
erhebliche Sturzgefahr für ältere Personen dar. Teil Eins gelangt zu der Erkenntnis, dass 
eine Untersuchung der Gangstabilität und Ganganpassung während solcher 
mechanischer Perturbationen hilft, die Effektivität von Interventionen zur 
Sturzprävention zu verbessern indem spezifische Mechanismen der Ganganpassung 
identifiziert und in Folge genutzt werden. 
Teil Zwei dieser Dissertation untersucht die Gangvariabilität und Gangstabilität 
während unterschiedlicher Gangaufgaben, die vor allem auf die prädiktive 
Bewegungskontrolle mit und ohne externer Perturbationen  abzielt. Kapitel 2.1 
untersucht dabei den Gang von jungen und älteren Erwachsenen sowie Erwachsenen mit 
bilateraler Vestibulopathie während unterschiedlicher Ganggeschwindigkeiten, um die 
potentielle Rolle des vestibulären Systems für die Gangkontrolle zu analysieren. Die 
Ergebnisse zeigen, dass die Ganggeschwindigkeit verschiedene Gangparameter und deren 
Variabilität in allen teilnehmenden Gruppen erheblich beeinflusst und möglicherweise 
Auswirkungen auf den Einfluss des vestibulären Systems auf die Bewegungskontrolle 
nimmt. Kapitel 2.2 untersucht die prädiktive Anpassung des Gehens in Reaktion auf 
einen konstanten Widerstand für junge, mittelalte und ältere Personen und somit deren 
Veränderung über die Lebensspanne des Erwachsenenalters. Nach einer Reihe von 
Wiederholungen wiesen alle drei Altersgruppen ähnliche Werte für die Gangstabilität auf. 
Jedoch erfolgte die Anpassung an die konstante Perturbation langsamer für die älteren 
im Vergleich zu den jüngeren Erwachsenen.  
Teil Drei dieser Dissertation untersucht methodologische Aspekte der Analyse der 
reaktiven Gangstabilität mit Hilfe von Perturbationen und diskutiert wie solche 
experimentellen Designs zu verbessern sind, um unser Verständnis von 
Stabilitätskontrolle in Folge unerwarteter Störungen zu erweitern. Kapitel 3.1 gibt eine 
Übersicht über vorherige Studien und Methoden zur Untersuchung der reaktiven 
Gangstabilität von älteren Personen in Folge unerwarteter Perturbationen. Hierbei 
werden konkrete Vorschläge abgeleitet, welche methodologischen Aspekte einer weiteren 
Untersuchung und Berücksichtigung bedürfen. Im Hinblick auf die Literaturanalyse 
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konnte Kapitel 3.2 bestätigen, dass die Ganggeschwindigkeit die dynamische Stabilität 
beeinflusst. Weiterhin wurde eine Methode vorgestellt, mit Hilfe derer interindividuelle 
Unterschiede in der Gangstabilität reduziert und somit eine genauere Untersuchung der 
reaktiven Stabilitätskontrolle in Folge einer unerwarteten Störung erlaubt.  
Teil Vier dieser Dissertation wendet die zuvor genannte verbesserte Methode an, 
um die Fähigkeit jüngerer Personen zu untersuchen, die Gangstabilität in Folge 
kontrollierter Perturbationen anzupassen und diese Anpassungen beizubehalten und zu 
transferieren (Kapitel 4.1). Außerdem wird der Effekt des Alters auf die Anpassung und 
den Transfer von Lerneffekten analysiert (Kapitel 4.2). Weiterhin untersucht Kapitel 
4.2 ob die in früherer Literatur berichteten Ergebnisse hinsichtlich der altersbedingten 
Unterschiede in der Gangstabilität unter Verwendung der in Kapitel 3.2 vorgestellten 
Methode bestätigt werden können. Die Ergebnisse zeigen eine intraindividuelle 
Variabilität des Zusammenhangs von Ganggeschwindigkeit und Gangstabilität sowohl 
für junge (Kapitel 4.1), als auch ältere Erwachsene (Kapitel 4.2) und dass ausschließlich 
ältere Erwachsene in der Lage waren einen Transfer von Anpassungseffekten zwischen 
den Beinen auszubilden. 
Teil Fünf gibt eine Übersicht zu den Charakteristiken von 
perturbationsbasiertem Gleichgewichtstraining bei älteren Personen, das eine Aussage 
über das zukünftige Sturzrisiko zulassen soll. Dabei wurden verschiedene Überlegungen 
für die Anwendung eines solchen Trainings in der Klinik diskutiert. Die Ergebnisse 
deuten darauf hin, dass Gleichgewichtstraining unter zu Hilfenahme von Perturbationen 
eine geeignete Herangehensweise darstellt, um das Risiko von Stürzen für gesunde und 
klinische Bevölkerungsgruppen zu reduzieren. Als praktikabelste Methode konnten 
Laufbandsysteme und von Therapeuten durchgeführte Perturbationen identifiziert 
werden. Obwohl es weiterer  Forschung zu konkreten Perturbationsmerkmalen bedarf, 
scheinen, basierend auf der international einschlägigen Literatur, unterschiedliche Arten, 
Richtungen und Umfänge von mechanischen Perturbationen empfehlenswert zu sein.  
Teil Sechs diskutiert die Ergebnisse aller Teile dieser Dissertation im Kontext 
trainingsbasierter Maßnahmen zur Prävention von Stürzen und unter Ableitung finaler 
Schlussfolgerungen. Während eine Verbesserung muskulärer Kapazitäten einen positiven 
Einfluss auf die Körperfunktion und allgemeine Gesundheit nimmt, führt dies nicht 
zwangsläufig zu einer Verbesserung der Gangstabilität älterer Menschen und somit auch 
nicht zu einer Reduzierung des Sturzrisikos. Dagegen scheint eine aufgabenspezifische 
Analyse und Verbesserung von Gang und Gleichgewicht durch Training erforderlich, um 
noch mehr Erkenntnisse zu bekommen und die Sturzgefahr älterer Menschen positiv zu 
beeinflussen. Trotz dieser überzeugenden Nachweise sind weitere Untersuchungen nötig, 
um die Wirksamkeit perturbationsbasierten Gleichgewichtstrainings in Bezug auf die 
Beibehaltung und den Transfer von Lerneffekten auf tägliche 
Gleichgewichtsherausforderungen im Alltag zu optimieren. Andere Parameter, wie z.B. 
die neuromotorische Kontrolle von Bewegung, ein kontrollierter Fußaufsatz, sowie sichere 
Landungstechniken sollten Hand in Hand mit perturbationsbasiertem 
Gleichgewichtstraining gehen und einen etwaigen positiven Effekt auf das Sturzrisiko 
bzw. sturzbedingte Verletzungen sogar noch verstärken. Vor allem im Hinblick auf eine 
Verminderung des Sturzrisikos von Personen mit bilateraler Vestibulopathie und anderen 
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neurologischen Erkrankungen existieren etliche Herausforderungen hervorgerufen durch 
eine z.T. verminderte Anpassungsfähigkeit and physische Belastungen. Dazu sollten in 
diesem Patientenkollektiv die Auswirkungen von zunehmend besseren technischen und 
therapeutischen Möglichkeiten als auch von aufgabenspezifischen  Trainingsmaßnahmen 
für Gang und Gleichgewicht weiterhin untersucht werden. 
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7.4: Valorisation 
The research described in this dissertation had the general aim to further our 
understanding of how gait stability and adaptability are affected in older adults, in order 
to generate new knowledge that could improve the effectiveness and specificity of exercise-
based falls reduction interventions for both healthy and clinical populations at an 
increased risk of falls. Valorisation refers to generating societal or economic value from 
knowledge and, in this section, the valorisation of the knowledge gained in this 
dissertation will be outlined in the contexts of societal and economic relevance, target 
interest groups, translation of knowledge and innovation, and implementation.  
 
Societal and Economic Relevance 
The societal relevance of better understanding and improving older adults’ gait stability 
has been discussed at length in this dissertation because falls represent a major societal 
burden and their prevalence and associated consequences will continue to increase in our 
ageing societies. To the individual, falls represent a threat to physical function and 
independence, and by extension to social engagement and overall quality of life. The 
benefits of physical activity and social participation for overall health are well established, 
but these can become even more important as we age, in order to minimise physical and 
mental decline. Falls and fall-related injuries can severely disrupt this, with recovery (or 
lack thereof) and bedrest following injury accelerating physical decline and potentially 
resulting in social isolation, which can be further exacerbated by an increased concern 
about falling again. To our societies and economies as a whole, reducing falls and fall-
related injuries would help relieve some logistical and financial pressure on our healthcare 
systems.  
 However, the above address falls and fall-related injuries, and not specifically our 
understanding of gait stability and adaptability, which was the focus of this dissertation. 
The direct relevance of this understanding lies in the potential for optimising falls 
reduction interventions. There are a number of challenges with implementing exercise-
based falls reduction interventions in society. The first is that they are costly, due to the 
time required (in order to achieve a minimum effective dose) and the other logistical 
requirements such as locations, staff and equipment. As discussed in Part Six of this 
dissertation, improving the specificity of these interventions by better understanding how 
humans can improve their gait stability will likely reduce the intervention time needed to 
have a meaningful effect on falls risk and may therefore lead to lower overall costs for 
implementing these interventions. This may also positively influence the second challenge 
- ensuring sufficient adherence to the interventions to reach the minimum effective dose. 
It is well known that many adults do not participate in enough regular physical activity 
to meet the various national and international guidelines, and therefore exercise-based 
fall reduction interventions may be more likely to have better adherence when they are of 
shorter duration or frequency. As mentioned throughout this dissertation, training 
involving only one to four sessions of large, sudden balance disturbance in a secure 
environment have demonstrated long term improvements (up to 1.5 years) in reactive 
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balance control during walking. Improving our understanding of how these effects occur 
and how to best exploit them by manipulating our training protocols is therefore highly 
relevant for society-wide implementation. 
 
Relevance to Groups outwith the Scientific Community  
As described in Part Six of this dissertation, fall risk assessment and intervention among 
medical and health care practitioners may be lacking in a number of areas. Most general 
practitioners report not assessing their older patients’ risk of falls unless a fall has already 
occurred, and physiotherapists’ assessment of reactive postural control appears to be 
lacking. However, as these professions typically represent a first point of contact regarding 
the health and mobility of older adults, they should be target groups for knowledge 
transfer. If improvements can be made in the assessment and early intervention of 
reactive balance control at these levels by utilising the knowledge generated by this 
dissertation and other similar research, declines in balance control in older adults may be 
delayed at the community level. 
 In addition to medical and health care practitioners, older adults themselves are a 
target group for knowledge translation. By increasing awareness among older adults 
about what can be done to reduce falls risk and improve gait stability, this can also 
stimulate those individuals to seek out opportunities with their healthcare providers or 
take steps to reduce their own risk through various exercise or non-exercise-based 
interventions. Finally, the current results and research on exercise-based falls reduction 
more broadly should be of interest to organisations involved in healthcare and public 
health policy. Following building scientific evidence, a number of national physical activity 
guidelines have recently included resistance exercise as an important physical activity 
component, especially for older adults. Similar emphasis on increasing the amount of 
challenging and, when feasible, reactive balance training among older adults could have 
a positive effect on awareness, policy and practice with regards to falls prevention. 
 
Knowledge Translation and Innovation 
In recent years, the number of companies that produce technologies designed for testing 
and training mobility has increased and, of particular relevance for the work in this 
dissertation, an increasing number of commercially available treadmill-based systems 
that can apply controlled perturbations to balance during walking are becoming available. 
Many of these devices come with built in programmes for testing and training balance 
control and the results of this dissertation and related work may help to improve the 
accuracy, validity and effectiveness of these programmes. However, as such devices are 
only feasible options for larger or wealthier organisations, another important commercial 
area for knowledge translation are companies that produce relatively inexpensive tools 
and products that are feasible for the typical physiotherapy practice or rehabilitation 
centre. In this regard, translation of the underlying principles of the work is critical, 
especially regarding the retention and transfer of adaptations in gait and balance. Finally, 
organisations that develop interventions for specific clinical populations (for example, the 
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vestibular implant for people with bilateral vestibulopathy) can be guided in their 
development of such interventions by an improved understanding of the various 
components of balance control during walking, by more specific gait and balance testing 
protocols for their target groups and by investigating which components can be 
successfully improved through intervention. 
 
Implementation 
The first step to translating scientific knowledge is through the publication and 
dissemination of the work to the scientific community and the public. The majority of the 
work in this dissertation has been published in peer reviewed journals and in all cases, an 
open access version of each article has been made available (either the preprint, accepted 
or published versions). Parts One, Six and Seven of this dissertation are licensed under 
the CC BY 4.0 License (which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited) in the hope that the information 
presented can be more easily and freely shared and applied. The work has been presented 
and discussed at national and international scientific conferences as well as conferences 
with a more clinical perspective intended for health care professionals.  
Additionally, the author has participated in industry-initiated workshops aiming 
to share knowledge about the use of technology in the context of assessing and training 
gait and balance control and has also given presentations for companies themselves. In 
the near future, public summaries of the work in this dissertation and its relevance to 
various products for assessing and training balance will become available on the respective 
company websites. Such initiatives are intended to bring the end users of the products, as 
well as the developers, closer to the results of the relevant research. The author will 
continue to work closely with these companies as the research in this area continues. 
Finally, outreach activities for the general public will take more precedence in the 
future. Openly available summaries of current research activities and public 
presentations for older adults, patient groups and healthcare practitioners will be planned 
in order to stimulate a direct link with the researchers that initially will help increase 
awareness of recent developments but will also stimulate feedback channels to help direct 
and inform future research that accounts for challenges faced in practice.  
 
Personal Perspective 
Almost every published scientific article concerning balance or gait stability begins with a 
paragraph on the problem of falls. I wonder how often we as researchers actually translate 
the knowledge we have gained from research to practice, or at least bring it to a point that 
others can translate and apply the work to address this problem, and how often it is simply 
an easy justification for our work? Developing sophisticated protocols, parameters and 
devices to train and assess gait stability is no doubt of fundamental importance but they 
will have no impact on the wider societal problem of falls unless they can be applied on a 
broad, public scale, either directly or indirectly. The current incentive system in science 
may cloud this bigger picture, with publications often being viewed as end products that 
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gather citations and further funding, rather than vehicles of knowledge translation for 
application in broader contexts. I challenge myself and my fellow researchers in this field 
to frequently reflect on this and to ask ourselves if we are translating the knowledge we 
have gained, or if we are just padding our CVs? Speaking for myself, I would be utterly 
ashamed looking back in 30- or 40-years’ time if I could not clearly see how my research 
had helped us to understand and address the problem of falls. 
 To this end, I believe that open science practices and active community engagement 
can go a long way. As many groups for whom this research is relevant do not have 
academic institutional access to paywalled literature, open access publication of research 
is vital for successful knowledge translation, as is the dissemination of knowledge through 
other accessible means such as social and traditional media and open workshops and 
presentations. Open data, software, code and methodology while perhaps of less direct 
relevance to knowledge translation for the public, help the scientific community evaluate, 
improve upon and accelerate what is being researched, which will lead to faster and more 
robust scientific progress that can be translated. Finally, frequent and direct contact with 
the public, with health care practitioners and with societies and companies to disseminate 
new knowledge and discuss their needs and challenges will help improve the translation 
of past, and translatability of future, research. 
 
Concluding Remarks 
Research on falls prevention is, almost by definition, tied to valorisation. Similarly, 
research on balance and gait that aims to inform, and lead to improvements in, exercise-
based falls risk assessment and reduction is closely linked to valorisation. However, it is 
vital that we as researchers realise that this does not occur automatically. We should 
actively pursue channels for translating knowledge gained through research to the public, 
to healthcare practitioners, to companies and to organisations. Only with this translation 
of knowledge can we justify using the broader societal issues caused by falls as a rationale 
for our research. 
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